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Preface Il

Preface

The present PhD Thesis summarizes the scientific work performed in the research group of Prof. Dr. Ward
from 2010-14 at the university of Basel. The main topic of the Ward group is the design of artificial
metalloenzymes for asymmetric catalysis. These hybrid catatlysts result from the incorporation of a
catalytically active transition metal complex within a host protein and thus combine properties of both
traditional homogenous and biocatalysis. Moreover, the genetic tuneability of the protein scaffold allows
to trigger the performance of an incorporated transition metal catalyst by modification of the second
coordination sphere.

The high affinity of the vitamin biotin towards the eucaryotic protein avidin (Avi) and its procaryotic
counterpart streptavidin (Sav) offers an attractive strategy for the creation of artificial metalloenzymes.
The conjugation of biotin with a catalytically active transition metal complex leads to an efficient
incorporation of the latter within strept(avidin). This approach was applied extensively in the Ward group
to obtain effective hybrid catalysts for a variety of reactions. The present work deals with the
enantioselective reduction of prochiral imines to amines by artificial transfer hydrogenases (ATHase) which
result from the incorporation of piano stool complexes of ruthenium, rhodium and iridium within Sav.
The Thesis is divided into four chapters. The first chapter provides an introduction into the topic of artificial
metalloenzymes and illustrates their potential in asymmetric catalysis. A review article summarizes the
most recent achievments of this research field.

The following two chapters present the research performed in context of several projects which resulted in
four scientific publications. A brief introduction into the respective topic is given in each chapter. The
author's contribution to each publication is highlighted in a preamble. An appendix at the end of each

chapter presents additional results which did not appear in the corresponding publications.
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Chapter two describes the genetic optimization of the ATHase and gives mechanistic insights in its
operating mode. Chapter three focuses on attempts to implement transition metal catalysis in vivo. This
would open fascinating perspectives to enable directed evolution of artificial metalloenzymes. Detailed

procedures of experiments described in the appendices are given in chapter four.
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Chapter 1: Introduction

1.1 Background of the Thesis

1.1.1 Chirality

The term "chirality" describes the property of a molecule possessing no improper rotation axis to appear in
two distinct forms which are the mirror image of each other. The two mirror images of a chiral molecule
are called "enantiomers" and are not superimposable. Therefore, they behave like a right and a left hand
(chirality = handedness, derived from the Greek term "cheir" = hand). The most common type of chirality
relies on a tetrahedral central atom (stereogenic center) bearing four different substituents ("central
chirality"). Compounds bearing multiple stereogenic centers are called "diastereoisomers" and comprise
isomers which differ with respect to their three-dimensional arrangement but do not behave like mirror-
images.

In contrast to diastereoisomers, enantiomers exhibit the same physical properties (e.g. boiling point,
solubility) apart from the fact that their interaction with linearly polarized light is different in such a way
that its polarized plane is rotated by the same angle but in opposite directions. A macroscopic rotation of
the polarization plane results if a single enantiomer is present or if one enantiomer is enriched compared to
the other one; a phenomenon which is called "optical activity”. A 1:1 mixture of two enantiomers is called
"racemate" and shows no optical activity as the effect of both enantiomers on the rotation of the polarization
plane cancels out. By definition, substances that rotate polarized light to the right are indicated with the

prefix "(+)" whereas compounds rotating light to the left are indicated with the prefix "(-)". The current
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IUPAC nomenclature for enantiomers is based on the Cahn-Ingold-Prelog rules, using "(S)" for sinister
(left) and "(R)" for rectus (right).! It should be noted that this nomenclature is not related to optical rotation.
Chirality is a prevalent feature in nature and many natural compounds such as amino acids, carbohydrates
or nucleotides as well as their respective biopolymers (proteins, oligosaccharids, DNA/RNA) exist almost
exclusively as a single enantiomer. As a consequence, the two enantiomers of a particular small molecule
(e.g. a drug) will interact in a different way with such a biopolymer (e.g. a particular enzyme which may
cause a certain disease). The two enantiomers of a drug can thus have dramatically different biological
effects. A very prominent and often-quoted example in this context is Thalidomide, the active component
in the pharmaceutical Contergan which was sold as a racemate in the late 50's and early 60's of the last
century to treat ahypnosis (Figure 1.2). It turned out that only the (+)-(R)-enantiomer exhibited the desired
sedative effect whereas the (—)-(S)-enantiomer was teratogenic and caused birth defects when administered
to pregnant women.? It should be noted that this problem would not be solved upon administering (+)-(R)-
Contergan is it readily racemises under physiological conditions. Another prominent example in this
context is the natural product carvone: the (—)-(R)-enantiomer smells like spearmint, the (+)-(S)-counterpart
on the other hand smells like caraway.® These two examples convincingly demonstrate the different effects

that enantiomers display in the presence of the enantiopure macromolecules of Life.

oo | i 0
NH ! i
0 | |
(+)-(R)-thalidomide I (-)-(S)-thalidomide )-(R)-carvone ' (+)-(S)-carvone
(sedative) (teratogenic) (smeII of spearmint) (smell of caraway)

Figure 1.1. Selected examples of the effect of chirality on the properties of enantiopure compounds. The dashed lines

indicate mirror planes.
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Approximately 50 % of all pharmaceutical compounds available on the market nowadays are chiral.
Although many drugs are still sold as a racemate, there is a clear trend towards marketing enantiopure drugs
as the costs of studies which elucidate the toxicological and pharmacokinetic profile of the unwanted
enantiomer are usually higher than the development of an enantioselective synthetic procedure.* Such a
“chiral switch” strategy allows to extend the patent life of a drug without having to go through all clinical

trials.

1.1.2 Asymmetric Catalysis

1.1.2.1 General Principles and Definitions

Different approaches have been developed to introduce stereocenters into molecules for the production of
drugs and fine chemicals. In some cases, chiral elements derived from enantiopure natural products such as
carbohydrates and amino acids can be incorporated at a certain stage of a synthetic procedure. If not
provided by the "chiral pool", enantiopure stereocenters can be generated by resolution, the use of chiral
auxiliaries or asymmetric catalysis.’ The latter is the most efficient method in this context as a small amount
of a chiral catalyst may produce large quantities of an enantio-enriched product whereas resolution limits
the maximal theoretical yield to 50% and the application of chiral auxiliaries requires additional steps to

tether and cleave the auxiliary.

Two distinct classes of homogenous catalysts are predominantly used in asymmetric synthesis, namely
chiral transition metal complexes and enzymes. Despite their structural and functional differences, both
types of catalysts rely on the same general mechanisms of stereoselection. The interaction of the
enantiopure catalyst with either one or the other prochiral face of the substrate gives rise to the formation

of two diastereomeric transition states which possess different energies. The energy difference AAG* of the

3
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two transition states is directly related to the enantiomeric excess (ee) of an asymmetric catalytic

transformation.®

_ i . . . .
¢ (BAGHRT) _ [major enantiomer] - [minor enantiomer]

ee (%) =

¢-(AAG*RT) 4 | [major enantiomer] + [minor enantiomer]

The number of moles of product a catalyst can produce before being deactivated is called "turnover number"
(TON = molar ratio of product and catalyst) and is related to the life-time and activity of a catalyst. The
latter property is refered to the "turnover frequency" (TOF) and is defined as the turnover number per time

unit.

1.1.2.2 Homogenous Transition Metal Catalysis

The use of transition metal complexes in catalysis relies on the versatile reactivity and the tuneability of
these compounds. Transition metals can switch between different oxidation states and therefore are able to
abstract and eliminate certain fragments of molecules, thus enabling processes which are involved in
catalytic cycles such as oxidative addition or reductive elimination. Moreover, by choice of the appropriate
ligand the electron density and the steric environment of the metal can be influenced. This feature not only
allows to fine-tune the reactivity and selectivity (e.g. chemo- and regioselectivity) of the catalyst, but also
affords an opportunity to perform asymmetric catalysis using transition metals in combination with
enantiopure ligands which provide the asymmetry. Frequently, both enantiomers of a chiral ligand can be
prepared, e.g. by fractional recrystallisation of a diastereomeric salt,” giving access to both product
enantiomers with the same asymmetric transformation.

The Nobel Prize 2001 was awarded to W.S. Knowles® and R. Noyori® who used chiral phosphine ligands
for the asymmetric hydrogenation of functionalized alkenes and to B. Sharpless'® who applied enentiopure
ligands derived from natural products for the asymmetric epoxidation and dihydroxylation of olefins,

respectively. These pioneering achievements revealed the potential of homogenous catalysts in asymmetric
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synthesis and gave rise to the development of asymmetric variants of many other transformations such as
Diels-Alder reactions, Michael additions, Aldol reactions, etc.!! In parallel, the scope of enantiopure ligands
was continuously expanded. Among these, certain scaffolds afford catalysts which provide high
enantioselectivities in a wide range of asymmetric transformations and therefore are termed "privileged

chiral ligands" (Figure 1.2)."

Ph_Ph

s o]
P(Ph), S >< OH
P(Ph), P /PQ o .,,,KOH
OO Ph Ph
BINAP MeDuPhos TADDOLate
Diels-Alder hydroacylation Diels-Alder

Mukaiyma aldol
aldehyde allylation
hydrogenation
alkene isomerization

hydrophosphination
hydrosilylation
hydrogenation
Bayer-Villager oxidation

aldehyde alkylation
iodolactonization

Heck reaction

OMe =N =
LD N
N N—/ OH HO
Bis(oxazoline) Chinona alkaloid derivatives Salen
Diels-Alder dihydroxylation epoxidation
Mukaiyma aldol acylation epoxide ring-opening
conjugate addition Diels-alder
cyclopropanation imine cyanation
azidirination conjugate addition

Figure 1.2. Privileged ligands and reactions catalyzed by corresponding transition metal complexes.!?

1.1.2.3 Biocatalysis

Although enzymes underlie the same general principles of (asymmetric) catalysis as homogenous catalysts,
they differ from the latter due to some unique features which primarily are the result of natural selection
during the evolution of living organisms. Outstanding properties of biocatalysts include their high catalytic
activity at ambient conditions, their substrate specificity and their high selectivity with respect to chemo-,

regio- and enantioselectivity.!? The rates of enzyme-catalyzed reactions can be increased by a factor of up

5
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to 10'7 compared to the corresponding non-catalyzed reactions and enantioselectivities of 99 % ee are
achieved routinely in case of asymmetric transformations.'* This efficiency still outperforms by far the
catalytic potential of the most chemical catalysts. Two specific features which contribute to the high
effectiveness of enzymes differ significantly from homogenous catalysis and therefore are briefly
summarized in the following.

First, enzymes are able to stabilize the transition state of a reaction.!> This generally accepted basic
mechanism of enzymatic catalysis was first formulated by Haldane'® and expanded by Pauling!” and
Wolfenden.'® According to their concept, enzymes lower the Gibbs energy AG! of a reaction by binding the
corresponding transition state with higher affinity than the ground state of the substrate(s). Thereby, the
fraction of the reactant in the transition state is raised. The resulting increase of the effective concentration
of this intermediate is proportional to the reaction rate and therefore results in an acceleration of the reaction.
This model is supported by the fact that some enzymes are strongly inhibited by transition state analogues'
and is the basic concept of catalytic antibodies.?

Different catalytic features provided by enzymes directly contribute to the stabilization of the transition
state (figure 1.3), including general-acid/base catalysis (proton transfer mediated by acidic and basic amino
acid residues), electrostatic catalysis (stabilization of charges by complementary charged amino acid
residues or hydrogen bonds) and electrophilic catalysis (stabilization of negative charges by metal ions).?!
Second, enzymes may serve as an "entropic trap".??> Upon binding in the active site, substrates and/or
reactive amino acid residues are aligned in a relative position to each other which is favorable to promote
a reaction. As the translational and rotational freedom of the reactants is restricted when bound to the
enzyme, the subsequent formation of the transition state might not be expected to require as much entropy
loss as for the same reaction proceeding spontaneously in dilute solution.®> The consequence of substrate-
binding within the enzyme can be viewed as a transformation of an intermolecular reaction into an
entropically more favored and therefore faster intramolecular reaction.?* Since the reacting groups are in
close proximity if they are part of the same molecule or located in the active site of an enzyme, their

effective concentration is increased. The rate acceleration in a monomolecular enzymatic or intramolecular
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reaction compared to a bimolecular reaction may be expressed as an "effective molarity" of one reacting
group or molecule relative to the other (EM = ratio between the first-order rate constant of an intramolecular
reaction and the second-order rate constant of the corresponding intermolecular reaction).”® However, the

degree of contribution of these entropic effects to enzyme catalysis is still under discussion.?

N0
2
N R
Ser-195 R{ T 2
Gly-193 ) o
"oxyanion hole"
ii )
O-----H~
o) "\‘\% oy .,
\N > Y
5 : ? o H
H /- T0-----H<
| R/go o NN "y
o R I/ )
H " o
H
s R HN/%RZ
Ri O
R1NH, o7 O H-N N;“ A
< 3 i
Ho N o Ser-195
2
‘ Gly-193
4 ﬁ' Rz 0 "oxyanion hole"
R H

Figure 1.3. The catalytic cycle of serine proteases illustrates the different mechanisms of enzymatic catalysis.?! The
active site consists of a "catalytic triad" formed by the three conserved residues Asp-102, His-57 and Ser 195. The
deprotonated hydroxyl group of the latter (acid-base catalysis) attacs the carbonyl group of the amide bond whereupon
an anionic tetraedral intermediate is formed (covalent catalysis) which is stabilized through hydrogen bondings
provided by the "oxyanion hole" consisting of the backbone NH-groups of Gly-193 and Ser-195 (electrostatic
catalysis). The RNH-group is activated as a leaving group after protonation by His-57 (acid-base catalysis). The
resulting acylenzyme is hydrolysed by a water molecule activated as a nucleophile after deprotonation by His-57
(acid-base catalysis), yielding the second tetrahedral intermediate (electrostatic catalysis) and regenerating the

enzyme.

7
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The advent of recombinant DNA technology in the 1970s and the consecutive improvement of high-
performance expression systems significantly increased the availability of biocatalysts. New protein
engineering techniques such as rational design and directed evolution protocols nowadays allow to improve
important features of enzymes with respect to organic chemistry (see below).?” Thanks to these
achievements, biocatalysis has become a versatile tool in the synthesis of fine chemicals and is used to
catalyze a variety of stereoselective reactions such as hydrolysis, oxygenations, reductions,

28

transaminations, Aldol reactions, Diels-Alder reactions etc.” Moreover, enzymes find increasing

applications in industrial processess were they complement homogenous catalysts.?

1.1.2.4 Complementary of Homogenous and Biocatalysis

Despite their great catalytic potential, enzymes suffer from some major drawbacks with respect to organic
synthesis. They often exhibit a narrow substrate scope and have only limited stability under conditions
commonly applied in organic reactions such as the use of organic solvents, high temperatures and extreme
pH-values. Additionally, only one product enantiomer is available with a given biocatalyst which applies
to a lesser extent in case of homogenous transition metal catalysts (see section 1.1.2.2). Moreover, the latter
often operate well at high temperatures and pressures (e.g. in hydrogenations).

With regard to the individual advantages and drawbacks of homogenous catalysts and enzymes both
catalytic systems can be viewed as complementary. This statement has been illustrated recently in context
of the synthesis of Sitagliptin 1 (figure 1.4). The compound is the active ingredient in Januvia, a leading
drug for the treatment of type 2 diabetes.** Key step of the synthesis is the stereoselective introduction of
the primary amine in the B-amino acid moiety of 1. In the initial process chemistry route, this was
implemented by asymmetric hydrogenation of the f-ketoester 2 using < 0.1 mol% (S-BINAP)RuCl; in
presence of HBr.>! After ester hydrolysis the resulting B-hydroxyester 3 was isolated with 83 % yield and

94% ee. Although this process enabled the production of large amounts (> 100 kg) of the target compound
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for early clinical studies, this first generation process of Sitagliptin manufacture was discarded due to the
generation of large amounts of waste in the following steps which converts the hydroxyl into the protected
amine group. A collaboration between Merck and Solvias led to a second generation process which avoids
the introduction of protecting groups and produced less waste. A screening of different metal precursors
(Ru, Rh, Ir) and chiral ligands led to the identification of [Rh(COD)CI]> (0.15 mol%) which in combination
with -BuJOSIPHOS (0.155 mol%) allowed tohydrogenate the unprotected [3-aminoamide 4 in 98% yield
95% ee.*? Subsequently, a reductive amination procedure was developped which converted 5 in presence
of amonium salicylate, hydrogen and [(R-DM-SEGPHOS)Ru(OAc):] directly to Sitagliptin in 91% yield
and 99.5% ee, thus further improving the enantioselectivity and circumventing the prior formation of the
enamide.*® Since the asymmetric hydrogenation requires a high-pressure equipment and an additional
purification process is necessary to remove the transition metal from the product, there was still room for
improvement with regard to a large-scale production of the drug.

Another collaboration between Merck and Codexis provided an enzymatic route to Sitagliptin ("third
generation process"). This approach relies on the in silico design and directed evolution of a (R)-selective
transaminase ATA-117, a homolog of an enzyme of from Arthrobacter sp.** The active site of
transaminases consists of two binding sites of which one accommodate the large substituent and the other
one the small substituent of the ketone substrate whereas the latter is usually not larger as a methyl-group.
To expand the substrate scope of the transaminase to the Sitagliptin precursor 5 a "substrate walking"
approach was applied. In a first step the large binding pocket was engineered towards accommodation of a
truncated version of 5 bearing a methyl group instead of the trifluorophenyl moiety. In a second step, the
activity of most efficient transaminase towards 5 resulting from the first step was further evolved under
consideration of the reaction conditions applied in the chemical plant such as the presence of DMSO,
elevated temperatures, high substrate concentrations and high concentrations of the nitrogen donor
isopropylamine. After eleven rounds of directed evolution, the original biocatalyst had been modified at 27
positions, including substitutions in the active site and the interface of the enzyme dimer which were linked

with the higher stability of the catalyst under the reaction conditions. The related enzymatic process for the

9
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production of Sitagliptin operates at 200 gl™! 5 with a substrate to catalyst ratio of 2600 in presence of 50 %
DMSO at 40 °C, yielding the product with 92% yield and >99.95% ee.

This impressive case study of the Sitagliptin manufacture demonstrates not only the complementary of
homogenous and biocatalysis, but also illustrates the progress which has been achieved in the industrial
application of biocatalysts. Applying a combination of computational enzyme design and laboratory
evolution enabled the creation of an enzyme with a high activity and selectivity towards a non-native

substrate and increased stability towards elevated temperatures as well as organic solvents.

1st generation process 2nd generation process

F F

:
:
OMe N
N .
Foo2 I !

|
N
5 SN
NH4OAc CF3
1. (S-BINAP)RUCL,, F 0 (R-DM-SEGPHOS)Ru(OACc), NH
Hy, HBr 99.5% ee ) X 2
' F ammonium salicylate, H; )\
NH, O
2. NaOH X N/\/N» >99.95% ee | lransaminase
N variant
F 4 N\/(
CF,4 o)
[Rh(COD)Cl], PY
F tBu-JOSIPHOS,| 95% ee =
F. H2, NH4C| E
OH O NHz*O
OH N N
F 3 6 steps P C"‘lr\/(N
94% ee Sitagliptin, 1 CF3
0O
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P(Ph), Fe o P(AN),
L N ST
0]
(S)-BINAP tBu-JOSIPHOS

(R)-DM-SEGPHOS

Figure 1.4. Enantioslective transformations in the manufacture of Sitagliptin.
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1.1.3 Artificial Metalloenzymes

1.1.3.1 General Concepts and Design of Artificial Metalloenzymes

Almost half of all enzymes found in nature require metal ions for their catalytic function. So far, a great
diversity of both main group and transition metals have been identified as a component in metalloenzymes,
including Na, K, Ca, Mg, Fe, Mn, Zn, Co, Ni, Cu, V, Mo, W and Cd.* The respective ions are either
coordinated by functional groups of amino acid side chains (e.g. Zn?>* in carbonic anhydrase) or are part of
a cofactor (e.g. Fe*" in heme of cytochromes). Metalloenzymes mediate various catalytic mechanisms such
as electrophilic catalysis (e.g. alcohol dehydrogenase),*® hydrolysis (e.g. carbonic anhydrase),?” oxygen
transport (e.g. hemoglobin),*® hydroxylation (e.g. cytochrome P450),%° methyl transfer (e.g. cobalamin-
dependent methionine synthase)* and electron transport (e.g. cytochromes).*! The fact that metalloenzymes
are involved in fundamental biological processes including nitrogen-fixation as well as photosynthesis
underlines their importance and illustrates their remarkable catalytic features.

Artificial metalloenzymes result from the incorporation of a catalytically active transition metal complex
within a biomolecular scaffold (i.e. a protein or DNA/RNA).*> The primary goal of this approach is to
combine the reaction scope offered by traditional homogenous catalysts with the advantageous properties
of biocatalysts, in particular the high activity at ambient conditions and the high selectivity (see previous
section). These features are almost exclusively controlled by the ligand forming the first coordination sphere
in the case of transition metal complexes. In contrast, the selectivity and activity of enzymes relies
predominantly on the second coordination sphere provided by hydrophobic interactions and hydrogen
bonds which are responsible for the chiral discrimination, the stabilization of the transition state of the
reaction and/or the activation of the substrate by secondary interactions. In particular the last two tasks are
more difficult to achieve with low molecular-weight ligands employed in homogenous catalysis. Thus, the
performance of a homogenous catalyst may be improved with respect to activity and selectivity when
incorporated within a protein scaffold. For instance, Zhang et al. were able to improve the chemoselectivity

of a Mn-salen complex for the oxidation of thioanisole upon incorporation into apo-myoglobin.** Whereas

11
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the free metal complex produced significant amounts of the sulfone product, over oxidation was completely
suppressed in case of the corresponding hybrid catalyst, yielding exclusively the sulfide.

On the other hand, since certain activities provided by homogenous catalysts are absent in nature, artificial
metalloenzymes may increase the catalytic repertoire for applications in biocatalysis and synthetic biology.
To date, many non-natural reactions including olefin metathesis could be implemented in various
biomolecular scaffolds.*

Three main strategies for the creation of artificial metalloenzmes are usually applied (Figure 1.5).*° In the
dative anchoring strategy, a metal ion is coordinated by specific amino acid residues (e.g. histidine,
aspartate) which already are present in the protein or are engineered by means of site-directed mutation. In
some cases, a native metal present in the protein is exchanged by an abiotic one. An example of the latter
procedure was reported by Kazlauskas who substituted the zinc ion in carbonic anhydrase by rhodium to
afford a hydroformylase or hydrogenase.*®

The covalent anchoring strategy relies on the covalent attachment of a catalytic moiety on a reactive amino
acid residue which can be modified selectively. In this context, artificial metalloenzymes based on
modification of cysteine,*” serine*® and lysine** have been reported.

Supramolecular anchoring takes advantage of a strong, specific interaction between a protein and a
particular ligand (e.g. a substrate or inhibitor). Derivatization of the ligand with a metal complex results in
the incorporation of the abiotic cofactor within the host. This strategy was applied extensively in the Ward
group using the biotin-(strept)avidin technology (see below). More examples of artificial metalloenzymes

and their respective anchoring strategies are provided in section 1.1.4.
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Figure 1.5. Selected examples of strategies to create artificial metalloenzymes. a) dative anchoring®® b) covalent

anchoring*’ ¢) supramolecular anchoring.

1.1.3.2 Artificial Metalloenzymes Based on the (Strept)avidin-Biotin Technology

Avidin (Avi, from egg-white) and streptavidin (Sav, from Streptomycetes avidinii) are particularly well
known for their high affinity towards the vitamin biotin (K, = ~10' M for Avi and ~10" - 10'*M! for
Sav, respectively).*® The two related proteins (32 % sequence homology) have a similar homotetrameric
structure which can be described as a dimer of dimers with D,-symmetry.>! Each monomer consists of an
eight-stranded B-barrel and binds one biotin molecule. The quaternary structure is stabilized predominately
by a network of van der Waals interactions and hydrogen bonds between each individual monomer.** In
contrast to streptavidin (M = 65700 D) which is devoid of sulfur-containing amino acids, avidin (M; =
62400 D) contains two cysteines forming a disulfide-bridge and two methionine residues. In addition,

avidin is glycosylated at Asn-17.
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Fig. 1.6. X-ray crystal structure of the Streptavidin monomer (PDB-code: 1STP). Biotin and interacting amino acid
residues are displayed as sticks (carbon: grey, oxygen: red, nitrogen: blue). Left: hydrophilic interactions. Right:

hydrophobic interactions. Trp-120 is not shown.

In both proteins, the biotin binding sites are located at the entrance of the B-barrel. The network of
hydrophilic interactions involved in biotin-binding is similar in both cases. As illustrated in Figure 1.6 for
streptavidin, hydrogen bonds are formed with the carbonyl oxygen (Asn-23, Ser-27, Tyr-43) as well as the
NH-groups (Ser-45, Asp-128) of the ureido moiety, the sulfur of the thiolane moiety (Thr-90) and the
carboxyl group of the valeric acid chain (Asn-49, Ser-88).%* The five hydrogen bonds of the ureido moiety
act cooperatively, leading to stabilization that is larger than the sum of the individual hydrogen-bonding
energies and therefore may contribute to the high affinity towards biotin.>* In addition, the Trp-residues
79, 92 and 108 from one monomer as well as Trp-120 from the adjacent monomer are responsible for
hydrophobic interactions between streptavidin and biotin. Energetically, the high affinity can be explained

with the large activation barrier for dissociation (AG*¥say = 102 kJ/mol) which results in a high activation

enthalpy (AH*s.y = 134 kJ/mol) and a favorable activation entropy (TAS*s. = 32 kJ/mol).>
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In the apoprotein of both avidin and streptavidin, the loop connecting the strands 3 and 4 of the B-barrel
changes its conformation upon biotin-binding and thereby "closes" the binding site such that the ligand is
buried almost completely. Both cooperative and non-cooperative binding of biotin to the (strept)avidin
tetramer have been reported.>®

Avidin and streptavidin are extremely stable over a wide pH range and with respect to high temperatures,
the presence of denaturating agents as well as organic solvents.’” For instance, up to 20 minutes are required
to dissociate streptavidin into monomers at 100 °C in 0.2 % sodium dodecyl sulphate (SDS).*® To denature
the monomers and release bound biotin even more drastic conditions have to be applied (e.g. 6 M
guandidinium hydrochloride, pH 1.5). Binding of biotin significantly increases the thermostability of both
proteins as reflected by the increased melting temperatures which in case of streptavidin is increased from
Tm =75 °C for the apoprotein to T, = 112 °C for the fully biotin-saturated complex.>

The high affinity towards biotin and the stability of (strept)avidin have led to many applications in research.
These are commonly summarized under the concept of "biotin-(strept)avidin technology".®® The
derivatization at the carboxylic acid moiety of the valeric chain of biotin does not significantly decrease the
affinity of the resulting conjugate towards (strept)avidin and therefore allows to label the host protein with
a target molecule of interest. The corresponding probe (e.g. a fluorescent dye) is usually linked to the biotin
anchor via an appropriate spacer (e.g. a polyethylene glycol chain) and thus does not interact with the Avi
or Sav. This technique is well established nowadays and has been applied to affinity chromatography,
diagnostics, immunoassays, drug targeting, etc.®!

In 1978, Whitesides and coworkers reported for the first time an artificial metalloenzyme on the basis of
the biotin-(strept)avidin technology.®®> The incorporation of an achiral biotinylated Rh(I)-bisphosphine
complex into avidin resulted in an artificial hydrogenase which catalyzed the enantioselective reduction of
N-acetamidoacrylate with 41 % ee in favor of the (S)-enantiomer. Inspired by this visionary work, the Ward-
group adapted and extended this supramolecular anchoring strategy relying on the strength of the
noncovalent (strept)avidin-biotin interaction for the creation of artificial metalloenzymes. Initial

experiments using avidin in the combination with two distinct Rh(I)-complexes Biot-1 and Biot-2 (Figure
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1.7) yielded only modest enantioselectivities in the hydrogenation of N-acetamidoacrylate.® The
asymmetric hydrogenation was significantly improved when streptavidin was used as the host protein
instead of avidin, achieving up to 96 % ee for the opposite (R)-enantiomer. It was concluded that the
different topography of the binding pocket is responsible for the improved asymmetric induction in case of
streptavidin.®* The diversity of the hybrid catalysts was further increased by a chemogenetic optimization
approach. For this purpose, the linker between the two phosphine ligands and the biotin anchor was
modified whereby either alkylaminoacids of different chain lengths or arylaminoacids with a different
substitution pattern were introduced.®> Combination of the corresponding Rh(I) complexes with selected
streptavidin mutants revealed that amino acid substitutions of the second coordination sphere of the biotin
binding (e.g. V47G) site and those which lie in close proximity to the metal center (e.g. S112G) provide
the highest variability with respect to the absolute configuration and enantiomeric excess of the product.
Based on the identification of S112 as a crucial position in streptavidin with regard to the performance of
the hybrid catalysts, saturation mutagenesis at this position led to the identification of mutants with
increased enantioselectivity in the hydrogenation of a-acetamidocinnamic acid. The introduction of chiral
amino acid spacers (proline or phenylalanine) between biotin and the aminodiphosphine moiety of Biot-1
combined with saturation mutagenesis at position S112 afforded a second generation of artificial
hydrogenases with improved organic solvent tolerance, reaction rates and selectivities (= 95 % ee for both
enantiomers).%® Furthermore, it could be shown that the hybrid catalysts display Michaelis-Menten behavior
with increased affinities (smaller Ky-values) and rates (higher keu-values) compared to the Rh-complexes
in absence of streptavidin.

This "designed evolution" approach was expanded for the optimization of artificial metalloenzymes based
on the biotin-(strept)avidin technology for olefin metathesis,* asymmetric allylic alkylation,®” C-H
activation®® and transfer hydrogenation of ketones.® Furthermore, it has been shown that (strept)avidin is
]2+

also a suitable host for non-biotinylated artificial metal cofactors such as OsOsand [VO(H20)s]*" which are

also believed to bind in the biotin binding pocket via complexation to specific amino acid residues or second
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coordination sphere interactions, respectively. The corresponding artificial metalloenzymes proved to be

effective catalysts for the enantioselective sulfoxidation’ and dihydroxylation.”

a)
Hy
COOH biotinylated Rh-complex COOCH
NHAc (Strept)avidin NHAc
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Fig. 1.7. Design of artificial hydrogenases based on the Biotin-(Strept)avidin technology. a) Reaction scheme showing
the reduction of N-acetamidoacrylate by the artificial hydrogenase. b) Artificial metal cofactor reported by Whitesides.

c¢) Design strategy to generate chemical diversity of the arificial metal cofactor reported by Ward et al.
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1.1.4 Recent Achievements in the Design and Engineering of Artificial Metalloenzymes
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Introduction

Enzymes are increasingly finding applications in large scale
industrial processes [1,2]. T'ypical features associated with
enzvmatic transtormations include: high cartalytic effi-
ciency, high selectivity and ability to operate under mild
reaction conditions in water. These remarkable character-
istics are the result of natural selection during the evolution
of living organisms. However, enzymes also display some
drawbacks with respect to organic synthesis: limited
stability under typical operating conditions (e.g. organic
solvents, high temperatures), narrow substrate scope, ez In
this context, transition metal catalysts, despite their own
set of limitations, can be regarded as complementary to
enzymes. Combining both catalytic strategics may allow to
overcome some of the limitations of both enzvmes and
organometallic catalysts.

Artificial metalloenzymes result from the incorporation of
a catalytically active transition metal complex within a
biomolecular scaftold (either protein or oligonucleotide)
and thus provide an attractive approach to explore the
potential of merging homogenous and biocatalysis. To
date, a variety of biohybrid catalysts have been reported,

relying either on dative, covalent or supermolecular
anchoring of a transition metal complex [3].

To complement these strategies, more recently e novo
design algorithms have been applied to metalloproteins
[4].

In this review we present a selection of achievements in
the field of artificial metalloenzymes which were pub-
lished in the past two years.

New strategies for the creation of artificial
metalloenzymes

T'he Diels-Alder reaction has extensively been used as a
benchmark reaction in context of Cu(Il)-based artificial
metalloenzvmes [5,6]. Most recent contributions in this
arca include a study by Roelfes and coworkers. They
introduced an acetamide-functionalized copper phenan-
throline complex at the dimer interface of the transcrip-
tion factor L.mrR by covalent anchoring relying on
cysteine bioconjugation (Table 1, entry 1). The resulting
artificial Diels-Alderase mediates the [4+2] cveloaddition
between azachalcone and cvelopentadiene with excellent
enantioselectivity (up to 97%) and diastercoselectivity
(endolexo 95:5) [7]. This approach represents a novel
design strategy of an active site at the interface of a
dimeric biomolecular scaffold. 'The biohybrid also cata-
lyzes the enantioselective conjugate addition of water to
enones to yield the corresponding chiral B-hydroxy
ketones with up to 84% ce [8].

As exemplified by DNA polymerases and exonucleases,
processive catalysis is a widely exploited feature in
Nature. The corresponding enzymes often possess a
toroid structure which allows them to wrap around
DNA and translocate along the polynucleotide template
during processing. I'he properties of these clamp proteins
are utilized by van Dongen ¢ a/. to develop a biohybrid
catalyst for plasmid DNA oxidation (Figure 1). For this
purpose, a cysteine containing gp45 sliding clamp variant
originating from the bacteriophage '1'4 was conjugared
with a maleimide-functionalized manganese (II1) por-
phyrin complex [9°]. The oxidative DNA single strand
cleavage activity of the resulting construct produced
aldehyde moieties which were derivatized with hydro-
xylamine-bearing biotin and subscquently labeled with
streptavidin. "T'his procedure allowed them to detect the
oxidative cleavage sites by atomic force microscopy
(AFM). The catalytic behaviour of the biohybrid catalyst
could be modulated by adding a structual mimic of the
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Table 1

Summary of artificial metalloenzymes and corresponding reactions highlighted in this review

Entry Protein Engineered active site Substrate(s) Product(s) Reference
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3 Nitrobindin ?”\s Cys-Protein //Ph {\;JT) [14]
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7 DFsc Engineered HisoGluzFe(lll)OFe(Il)GluzHis NH, H 227
active site /@l + 0, /@’ “OH
MeQ
8 Adenosine Reengineered Zn(ll)HiszAsp active site fo] o [23°7]
desaminase G 2%

9 3SCC-oligopeptide

10 Myoglobin
1 HydF-HydA1

Reengineered Zn(ll)His; active site

HemeFe-CuHis; binuclear metal center

Protein-Cys. X
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O, + reductant HzO + oxidized reductant [26,27]

H* + reductant H, + oxidized reductant [28**,29]

C-terminus of the T4 polymerase, an octapeptide that
blocks the subunit interface of trimeric gp45. In the
absence of the peptide the clamp binds to DNA and
mediates processive catalysis as reflected by strepravidin
molecules found to be in close proximity on the plasmid.
Such streptavidin clusters were absent when the inhibitor

peptide was present, suggesting randomly distributed
oxidative cleavage along the plasmid. Introduction of
mirrored recognition sites on each of the complementary
DNA-strands allowed to determine the direction in which
the biohybrid catalyst performs processive oxidation on
the plasmid.
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Artificial catalytic clamp for DNA-oxidation developed by van Dongen et al. (a) The catalytic clamp consists of a homotrimeric gp45-E212C variant
(blue cylinder) conjugated with a Mn(lll)-porphyrin. The oxidative single-strand cleavage of DNA produces aldehyde-moieties which are derivatized
with hydroxylamine-biotin and subsequently labeled with strepavidin (Sav, for clarity only one monomer shown), allowing to detect the oxidation sites
by AFM. (b) The presence of a peptidic structural analogue of the C-terminus of the T4 polymerase (red rectangle) inhibits the clamp and leads to
distributive oxidation events as the clamp cannot wrap around the DNA. As a consequence, Sav molecules (white dots in the AFM pictures) are
randomly distributed along the plasmid. In absence of the peptide, the clamp is loaded on DNA and performs processive oxidation leading to Sav-

clusters (adapted with permission from Ref. [97]).

Artificial metalloenzymes catalyze
bioorthogonal reactions

T'he scope of reactions catalyzed by artificial metalloen-
zvmes has significantly expanded in the past two vears.
With the aim of complementing the enzymatic repetoire,
hybrid catalysts that mediate abiotic reactions are of
paticular interest as these may find in synthetic biology
to complement metabolic pathways.

‘I'he olefin metathesis represents a very attractive
bioorthogonal reaction [10-12]. An elegant method for
the side-specific modification of a serine protease was

published by Matsuo ez a/. ('I'able 1, entry 2). Derivatiza-
tion of a Hoveyda-Grubbs catalyst with an inhibitor
based on N-tosyl L-phenylalanyl chloromethylketone
('T'PCK) directs the ruthenium comlex into the peptide
binding cleft of a-chymotrypsin. "I'here, it is covalently
attached to the enzyme via nucleophilic attack at the
chloromethyl moiety by the imidazole of a catalytically
active histidine residue [13]. The corresponding decrease
in protcase activity supports the incorporation of the
Hoveyda—Grubbs catalyst into a-chymotrvpsin. Unfortu-
nately, only moderate turnover numbers were achieved in
ring closing metathesis (RCM) of water soluble olefins.

www.sciencedirect.com
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Engineering a very hvdrophobic active site for the
metathesis cofactor may allow to overcome this wide-
spread limitation of olefin metathesis in water.

Onoda ez al. covalently linked a rhodium(l) complex
bearing a maleimide-functionalized cyclopentadienyl
ligand with a cysteine residue introduced in the apo-torm
of the B-barrel protein nitrobindin ("Table 1, entry 3). The
biohybrid catalyzes the stereospecific polymerization of
phenvlacetylene [14]. Whereas the free thodium complex
produces mostly as-poly(phenylacetylene) (PPA), the
content of the #ans-product inecreases notably for the
artificial polymerase (#rans:cis ratio up to 53:47). T'he
authors speculate that the content of the frans isomer
can be further increased by engineering the active site
bearing the Rh-moiety as, in the current design, it adopts
two different conformations within the entrance of the B-
barrel.

T'he potential of artificial metalloenzymes to improve
homogenous catalytic systems with respect to activity
and selectivity was illustrated by Ward and Rovis. On
the basis of the biotin—streptavidin technology, a bioti-
nylated Cp*Rh(IIl) pianostool complex, where Cp* is
pentamethyleyelopentadienyl, was incorporated within
Strepravidin (Sav) to create a bifuctional hybrid catalvst.
[t catalvzes an asymmetric benzannulation reaction be-
tween pivalovl-activated benzhydroxamic acid and acry-
lates ('I'able 1, entry 4). Both the activity and the
selectivity of the artificial metalloenzyme were improved
by site-directed mutagenesis [15°°]. Guided by docking-
studies, they engineered a basic residue at position K121
which was shown to be critical in deprotonating the Rh-
activated C-H bond of the benzamide. "T'his, combined
with steric bulk introduced at position S112 resulted in an
artificial benzannulase (1.e. S112Y-S112E) which affords
the dihvdroisiquinolone product in 93:7 enantiomeric
ratio and with nearly a 100-fold increased rate compared
to the activity of the rhodium cofactor alone.

Enzyme cascades which include an artificial
metalloenzyme

Despite of the synthetic potential of combining chemo-
and biocatalysts, the practical realization of concurrent
cascade reactions combining both systems remains elu-
sive, due to mutual inhibition. To circumvent this, Holl-
mann, Turner and Ward combined an artificial
trandferhvdrogenase (A'T'Hase) wich a varity of NADH-
dependent, IFAD-dependent and heme-dependent
enzymes [16°]. The A'THase consists of [Cp*Ir(biot-p-
L)CI] embedded in streptavidin (Sav) variants, thus effi-
ciently compartmentalizing the organometallic moiety
and the natural enzyme (Table 1, entry 5 and
Figure 2). Examples include: firstly, double stereoselec-
tive deracemisation of amines in combination with
evolved monoamine oxidases (MAO-N) and secondly,

Current Opinion in Chemical Biology 2014, 19:99-106

regeneration of NADH in the presence of a monooxy-
genase to catalyze an aromatic oxyfunctionalisation.

De novo design of metalloenzymes

Caralytic promiscuity has been elegantly exploited to
engineer and evolve new catalytic function in enzymes
[17-19]. In the past two vears, this strategy has been
successfully extended to metalloenzymes.

As the M=CHR and M=0 fragments are isoelectronic,
Coclho and coworkers reasoned that monooxygenases
may be reprogrammed into cyclopropanating enzymes.
With this goal in mind, thev screened heme proteins for
the asymmetric cvclopropanation of stvrene in the pre-
sence of ethyldiazoacetate ('I'able 1, entry 6). A cyto-
chrome P450 fatty acid monooxygenase (P450py3) was
found to be a suitable scaffold to further engineer the
active site around the iron center of the heme cofactor
[20**]. Murtation 'T'268A is the key murtation to achieve
high cyclopropanation activity. Other active site alanine
mutations influence the product distribution with respect
to diastereo- and enantioselectivity. Individual saturation
mutagenesis of the wild type enzyme finally provides a
variant with a ¢/s:trans ratio of 92:8 and an ee,;, of 97% for
the cyclopropanation of styrene by ethyl diazoacerate.
Replacement of the iron ligating cvsteine by a weakly
coordinating serine residue reduced the monooxygenase
activity and raised the Fetti potential to enable
NAD(P)H-driven reduction [21]. This further engin-
cered “P411pyn;"-variant catalyzes the olefin cyclopro-
panation iz vive in L. coli cells.

Inspired by the structure of the native p-aminobenzoate
N-oxvgenase Aurl’ the hvdroquinone-oxidizing activity
of a di-iron carboxylate model protein of the Due Ferri
family was reprogrammed to catalyze the N-hydroxylation
of activated aryl amines by Reig and coworkers ('l'able 1,
entry 7 and IFigure 3). Crucial mutations included four
alanine to glycine substitutions to enlarge the substrate
access cavity, introduction of a third iron-ligating histi-
dine residue in the active site and three mutations in the
second- and third shell to accomodate the additional
histidine [22°]. The redesigned oxygenase showed no
apparent reactivicy towards the oxidation of hydro-
quinones whereas the activity of the hydroxvlation of
p-anisidine was similar as to Aurl’.

Another very elegant approach to redesign a metallopro-
tease was reported by Khare ¢ /. ('I'able 1, entry 8 and
Figure 3). Suitable native protein scatfolds offering a
mononuclear zine center with at least one free coordina-
tion site were extracted from the protein data bank
(PDB). Transition state models corresponding to the
organophosphate substrate diethyl 7-hydroxycoumaryl
phosphate (DECP) were then computed into the zinc
sites of selected scaffolds and additional hydrogen-bond
interactions were identified using the RosettaMatch

www.sciencedirect.com
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Reaction casacades which include an artificial transferhydrogenase (ATHase) as reported by Kéhler et al. (a) Incorporation of a biotinylated transfer
hydrogenation catalyst [Cp*Ir(biot-p-L)CI] within streptavidin (Sav) shields the organometallic moiety and prevents mutual inhibition of native enzymes,
thus allowing concurrent reaction cascades. (b) Concurrent regeneration of NADH by the ATHase in the presence of a monooxygenase (HbpA) for the

hydroxylation of 2-hydroxybiphenyl. (c) Reaction cascades resulting from the combination of a moderately (R)-selective ATHase and a highly (S)-
selective monoamine oxidase (MAO-N) for the double stereoselective deracemisation of amines or the stereoinversion of nicotine. Addition of a
catalase prevents inactivation of the Ir-center by H,O, generated by the catalytic action of MAO-N (adapted with permission from Ref. [167]).

algorithm. The redesigned metalloenzyme showed mod-
erate hydrolytic actvity. Directed evolution combined
with saturation mutagenesis led to a significant improve-
ment of the catalytic activity. Reversion of single
mutations back to the wild-type sequence and generation
of a library of variants in which the substitutions were
present in random combinations revealed the minimal set
of murations required for increased hydrolase activity
[23°°]. The power of this general and readily applicable
protocol was demonstrated by the sucesstull redesing of a
native adenosin deaminase to vield a organophosphatase
with a catalvtic effeciency (4,,/K,,) of 10* M~ s7,

In view of the vast catalytic repertoire offered by
transition metals, transposing the concepts of catalytic
promiscuity to metalloenzymes promises fascinating
developments in the near future. "I'his may prove particu-
larly powerful in transformation for which no natural
enzyme exists.

In recent years, Pecoraro and coworkers have reported
very efficient carbonic anhydrase mimicks consisting of
the incorporation of a Zn(His); site with a three-stranded
coiled-coil oligopeptide (3-SCC). The biohybrid includes
a structural Hg(I1)Cyss-site and a catalytic Zn(II)His;-
site. The resulting hydrolase displays remarkable cataly-
tic properties for both the hydration of CO; and the
hydrolysis of p-nitrophenylacetate (lable 1, entry 9)
[24°°]. In order to scrutinize the subtle second coordina-
tion sphere interactions on catalytic performance, both
structural and catalytic sites were svstematically translo-
cated along the a-helical sequence of the peptide [25].
While the Hg(II)-site has a negligible impact on both the

binding affinity and catalytic performance, the position of

the Zn(His)3-site is critical as a 10-fold variation of Zn-
affinity was observed. In contrast, the catalytic efficien-
cies were retained upon shifting the active site along the
3-SCC. Remarkably, these artificial metallohvdrolases
display efficiencies approaching that of the native carbo-
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Redesign and engineering of artificial metalloenzymes. (a) Computational de novo design of an organophosphate hydrolase based on a native

deaminase as described by Khare et al. Left: schematic summary of the design strategy. Right: superposition of the designed hydrolase (gold) and the
corresponding X-ray structure (green, PDB code 3T1G) highlighting the near perfect match between both structures (exept Gin 58). Relevant amino
acids and the DECP substrate are highlighted as sticks and the zinc ion is depicted as a blue sphere (with permission from Ref. [23"]). (b) Structure of
an arylamine N-oxidase (3His-G2DFsc, PDB code 2LFD) redesigned from DFsc reported by Reig et al. The native HisGluzFe(lll)OFe(lll)GluzHis reaction
center are highlighted as sticks as well as the engineered additional coordinating His100 and the supporting second- and third shell residues His81 and
Asn37, respectively, The side chains of the residues are indicated as sticks. The two iron ions are shown as magenta spheres (with permission from
Ref. [227]). (c) Designed myoglobin heme-copper oxidase (HCO) model resulting from the introduction of a Cug-site (pink sphere) and the non-natural
amino acid imiTyr which mimics the posttranslational Tyr-His crosslink found in HCO (imiTyrCugMb). The overlay contains a Cug-myoglobin variant
lacking imiTyr, bearing a tyrosine residue at the same position (F33YCugMB, PDB code 4FWX). Amino acid side chains are shown as sticks (carbon-
atoms are indicated in cyan for imiTyrCugMb or light blue for F33YCugMB, respectively, nitrogen-atoms in blue, oxygen-atoms in red, iron-atom in

brown). The Cu ion is depicted as pink sphere (with permission from Ref. [26]).

nic anhydrase, one of the most efficient natural enzymes
(kinetic parameters at pH 9 for the catalytic hvdrolysis of
p-nitrophenylacetate: £, = 0.038 s7' Ky =2.1mu for
the 3-SCC-derived artificial hydrolase, o= 565",
Kyp = 24 mum for carbonic anhydrase 11).

Due to their ability to activate small molecules including
O, and H; under mild conditions, redox-active metalloen-
zymes may find applications in the development of fuel
cells. In this context, artificial oxidases and hydrogenases
have been intensively investigated in recent years.

Heme-copper oxidase (HCO) pertorms the reduction of
oxvgen to water. T'he corresponding active site consists of

a heterobinuclear metal center containing a heme Fe and
a histidine ligated Cu (Cup) as well as a post-translation-
ally installed crosslink between carbon atom C6 of a
tyrosine residue and nitrogen atom Ne2 of a close lying
histidine residue. T'o investigate the role of the post-
transitional modification, Liu and coworkers engineered a
related moiety in myoglobin by genetic incorporation of
(8)-2-amino-3-(4-hydroxy-3-(1 H-imidazole-1-yl)phenyl)-
propanoic acid (‘Table 1, entry 10 and Figure 3). The
myoglobin HCO model catalyzed the reduction of oxygen
with a threefold increase in turnovers and an eightfold
increase in selectivity (with respect to ROS generation)
compared to a mvoglobin variant which harbors an indi-
vidual histidine and tvrosine residue at the same positions

Current Opinion in Chemical Biology 2014, 19:99-106
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[26]. This work complements a related study whereby a
tyrosine residue was mutated into myoglobin in proximity
to one of the copper ligating histidine residues, thus
affording an artificial meralloenzyme that reduces oxygen
to water with over one thousand turnovers [27].

In the context of hydrogenases, many structural and
functional small molecule [FeFe]-mimics have been
reported. These however, which lack the crucial second
coordination sphere interactions, fail to reproduce the
remarkable efficiency of natural hydrogenases. An
original approach was recently reported by Berggren
et al. 'They rely on the assembly of a semisynthetic
[Felel-hvdrogenase HydAl (‘Table 1, entry 11) which
does not require the entire maturation machinery. For
this purpose, they loaded one of the maturation enzymes
HydF with a synthetic [FeFe]| bearing a azadithiolate
bridging ligand [28°°,29]. Incubating the loaded HydF
with apo-HydAl leads to the transfer of the diiron cofac-
tor. "T'he resulting hyvdrogenase displays a specific activity
of up to 800 pmol H, per minute and mg HydAl, com-
parable to that of the natural HydAl. This fascinating
stratcgy may allow to test the effect of small changes in
[Fele]-mimics in the natural hydrogenase environment.

Conclusions

T'he present review summarizes the impressive progress
achicved in the past two years in the arca of artificial
metalloenzymes. Functional constructs can be obtained
either by incorporation of abiotic cofactors within a
variety of protein scaffolds using either covalent or
supramolecular anchoring strategics or redesigning
proteins applving sophisticated computational methods
or exploiting catalytic promiscuity to unravel abiotic
reactivity from natural enzymes. Most importantly,
directed evolution protocols were applied to optimize
a nascent catalytic actvity. Catalytic  efficiencies
approaching that of natural enzymes were obrained, a
remarkable feat considering the vouth of the artificial
metalloenzyme’s field.
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1.2 Goal of the Thesis

Artificial transfer hydrogenanses (ATHase) result from the incorporation of biotinylated piano stool metal
complexes [(n"-arene)M(biot-p-L)Cl] (M = Ru, Rh, Ir) into strept(avidin). These hybrid catalysts were
succesfully applied for the asymmetric transfer hydrogenation of prochiral ketones in the Ward group in

the last decade (see below). In this context, the aims of the present Thesis are:

1) expanding the substrate scope of artificial transfer hydrogenases to the asymmetric reduction of prochiral
imines
ii) optimization of the artificial imine reductase with respect to the amino acid composition of the active

site and the reaction conditions

iii) performing the Michaelis-Menten kinetics of ATHases catalysts to gain information about the

mechanism of the hybrid catalysts

iv) enable catalysis with the ATHases in cellular environments (cell free extracts and cell lysates) by
identification of reagents which neutralize the dentrimetal effect of glutathione (GSH) on precious metal

catalysts

v) illustrating the compatibility of homogenous and biocatalysis by performing reaction cascades with

ATHases in combination with several natural enzymes
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Chapter 2: Design and Genetic Optimization of an Artificial Transfer
Hydrogenase (ATHase)

2.1 Introduction

2.1.1 Homogenous Asymmetric Transfer Hydrogenation

2.1.1.1 Asymmetric Transfer Hydrogenation of Ketones

Asymmetric transfer hydrogenation can be viewed as a transition metal catalyzed asymmetric variant of the
Meerwein-Ponndorf-Verley reduction in which ketones and aldehydes are reduced to alcohols using
isopropanol as a reducing agent and aluminium alkoxides as catalysts.! Therefore, this reaction provides a
versatile alternative to classic hydrogenation using hazardous hydrogen gas. First attempts to develop
asymmetric transfer hydrogenation date back to the 1970s and utilized rhodium and ruthenium phosphine
complexes in the presence of enantiopure carbohydrates as a hydride source.? However, these catalytic
systems afforded only modest enantioselectivities. Since then, many types of homogenous asymmetric
transfer hydrogenation catalysts mainly based on transition metal complexes of Ru(Il), Rh(II) and Ir(III)
have been reported. The most active and selective catalysts available nowadays are those contain
bisphosphonites 1°, pyridine derivatives 2, aza-norbornyl alcohols 3°, amino alcohols 4° and tosylated

diamines 57 (TsDPEN, N-tosyl 1,2-diphenyldiamine) (Figure 2.1).

%o
NH
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o
NH,
MeHN OH N
i a &

Fig. 2.1. Selected ligands used in asymmetric transfer hydrogenation.
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The ruthenium n-arene piano-stool complexes of TSDPEN developped by Noyori and related catalysts
such as [(n’-Cp*)M(TsDPEN)CI] (M = Rh, Ir; Cp* = pentamethyl cyclopentadienyl)® are maybe the most
prominent examples in this context. In presence of isopropanol or a formic acid/triethylamine azeatrope as
a hydride source, these catalysts reduce aromatic ketones’, acetylenic carbonyl compounds!® and imines
(see below) with high enantioselectivities. The generally accepted mechanism for the reduction of ketones
by [(n®-benzene)Ru(S,S-TsDPEN)CI] is shown in Figure 2.2''. Upon formal loss of HCI, the precatalyst 1
forms a planar 16 electron amido complex 2 which reacts readily with isopropanol to yield the tetrahedral
18 electron Ru-hydride species 3. The bifunctional constitution of the catalyst then promotes the concerted
delivery of the hydride and a proton provided by the amine group of the ligand to the carbonyl moiety of
the substrate via a six-membered transition state 4, thereby yielding the alcohol and regenerating the 16
electron complex. This process occurs with an outer-sphere mechanism whereby neither the ketone
substrate nor the alcohol interacts with the metallic center throughout the reduction. Studies by Wills
showed that corresponding complexes in which the amino group of TsDPEN is alkylated are poor transfer
hydrogenation catalysts, thus confirming the functional role of the ligand.

The hydride complex is sterically controlled by the enantiopure ligand, resulting in the formation of a single
diastereomer that is chiral at Ru. Thereby, two structural features of the catalyst are responsible for the
chiral induction. The enantiodiscrimination of the prochiral faces of the aromatic ketone depends on 1) the
chiral geometry of the five-membered chelate which determines the absolute configuration of the metal and
ii) is mediated by an energetically favorable CH/n-interaction between a hydrogen atom of the n°®-arene and
the aromatic moiety of the substrate.'?

It should be noted that recent computational studies by Ikariya suggest that the above mechanism is only
valid in the gas-phase.'* Under consideration of solvation effects, calculations based on density functional
theory suggest that the reaction proceeds in two steps whereby the enantioselectivity determining hydride

transfer to the carbonyl moiety is followed by protonation of the resulting alkoxide. The proton source for
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the latter process is probably a protic solvent molecule rather than the amine moiety of the ligand. This

would imply that the catalytic cycle does not proceed necessarily via a 16 electron amido complex.
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/K/NH
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2 Ph
+HC|“-HC|
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TsN-Ru~, NHy ' ° N\:____é
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Fig. 2.2. Suggested catalytic cycle of the asymmetric transfer hydrogenation of acetophenone with [(n°-
benzene)Ru(R,R-TsDPEN)CI]. According to recent studies by Ikariya, this mechanism may only be valid in the gas

phase.

2.1.1.2 Asymmetric Transfer Hydrogenation of Imines

In contrast to asymmetric transfer hydrogenation of ketones, this reaction is relatively undeveloped for the
reduction of imines. In 1996, Noyori showed that [(n°-arene)Ru(S,S-TsDPEN)Cl]-catalysts effectively
reduce imines in the presence of a 5:2 formic acid-tricthylamine azeotropic mixture in acetonitrile,
achieving up to 97 ee for the reduction of various isoquinolines.'® Thereby, the reactivity of the catalysts
was found to be much higher towards imine reduction compared to ketone reduction.

Two different mechanisms have been proposed for the asymmetric transfer hydrogenation of imines,
namely a concerted outer-sphere mechanism similar to the one operating in ketone-reduction and an ionic

pathway where the nitrogen of the imine is protonated prior to hydride delivery from the metal to the carbon
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of the polarized C=N bond. So far, experiments supporting either one or the other mechanism have been
reported. Bickvall used the isolated hydride species [(n®-p-cymene)Ru(S,S-TsDPEN)H] for the
stoichiometric reduction of imines.'® The reaction proceeded only under acidic conditions or in the presence
of Lewis acids, thus supporting an ionic mechanism as the activation barrier may be too high for the delivery
of the hydride to the non-protonated imine. This result contrasts with several other studies which suggest a
concerted mechanism analogous to ketone reduction. Blackmond and coworkers performed kinetic
experiments for the reduction of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline using [(n°>-Cp*)Rh(S,S-
TsDPEN)CI] as a catalyst in presence of formic acid and triethylamine in methanol.!” According to this
study, the reaction rates depend on the different acid-base equilibria between formic acid and the imine, the
amine and triethylamine, respectively. Thereby it was suggested that the catalyst displays saturation kinetics
towards the formation of the hydride inermediate even at low concentrations of formic acid and that the
latter reactant protonates the imine substrate. Keeping the formic acid concentration low by slow addition
during the reaction or performing the reaction at high triethylamine concentration, resulted in higher
reaction rates whereby the formed EtsNH"HCOO -salt is thought to act as a reservoir for HCOOH. Based
on these results, it was proposed that the free amine rather than the iminium was the actual substrate for the
catalyst.

As the opposite enantiomers are produced when compared to the reduction of prochiral alcohols, Wills
suggested that the mechanism for the reduction of the imine substrate cannot be the same as the one for
ketone reduction (Figure 2.3).'"® Based on this hypothesis, he suggested two transition states which both
lead to the observed enantiomers in the reduction of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline
using [(n®-benzene)Ru(R,R-TsDPEN)CI]: i) the imine is reduced via concerted six-membered transition
state where the imine moiety is orientated relative to the catalyst in a way to allow a simultaneous delivery
of hydrogen atoms to the C=N bond (Figure 2.3.C) ii) the imine is reduced by a ionic mechanism in which
the C=N bond of the iminium is oriented away from the amine group of the ligand without adopting a six-

membered transition state. This arrangement would allow the CH/x interaction observed in ketone reduction
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to operate (Figure 2.3.D). However, experiments using N-alkylated R,R-TsDPEN derivatives to probe

which of the two mechanisms is operative did not settle the question.

TsN-Ru OMe Ru
SNy TsN-RU-—p o+
Ny N7 NHTS
\ H' N 2
Ph& H \ﬂom Ph& H

Fig. 2.3. Proposed transition states for the transfer hydrogenation of imines using [(n°-benzene)Ru(R,R-TsDPEN)CI]
suggested by Wills et al. A) concerted mechanism with a CH/n-interaction between the arene of the catalyst and the
aromatic moiety of the substrate for the reduction of acetophenone, yielding (R)-phenylethanol.

B) the corresponding hypothetic transition state for the reduction of 6,7-dimethoxy-3,4-dihydroisoquinoline would
afford the same absolute configuration of the product as in A which contrasts to the observed (S)-enantiomer. A
plausible concerted non-ionic transition state without CH/m-interaction (C) and a non-concerted ionic mechanism with

CH/n-interaction both deliver the observed (S)-product amine.'

Further experiments addressing this issue were performed by Casey who applied a related bifunctional Ru-
catalyst ("Shvo's catalyst) to the transfer hydrogenation of imines.!” Whereas his detailed mechanistic
investigations support a concerted mechanism, Biackvall proposed a stepwise transfer of hydrogen atoms
from this catalyst to the imine moiety whilst the nitrogen atom of the substrate is coordinated to the Ru-
center.?

However, these examples show an ambiguous picture of the exact mechanism of the transfer hydrogenation

of imines and illustrate the need for further investigations on this particular topic.
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2.1.1.3 Asymmetric Transfer Hydrogenation in Water

Asymmetric transfer hydrogenation in water has been reported for ketones as well as imines by various
research groups using either Noyori type complexes or related catalysts of which some bearing modified
ligands with improved water solubility (e.g. sulfonated TSDEPN).?!

Xiao and coworkers extensively investigated the pH-dependence of [(n®-p-cymene)Ru(R,R-TsDEPN)CI]
and [(n>-Cp*)M(TsDEPN)CI] (where M = Rh, Ir) in the asymmetric transfer hydrogenation of ketones and
imines in the presence of formate as a hydride source. Whereas the Ru-catalyst performed best at pH-values
above 10 for the reduction of acetophenone??, the Rh and Ir counterparts display the highest activity and
selectivity around neutral pH in ketone reduction* and around pH 5 in imine reduction.?* At very acidic or
basic conditions the performance of the latter catalysts was poor for both substrates. In the case of imine
reduction this observation was traced back to two conflicting equilibria between the protonated and
deprotonated forms of either formic acid and the imine substrate. At pH-values above 5.4, the fraction of
protonated imine is low whereas at pH-values below 3.6 the concentration of formate decreases, on one
hand leading to a lower concentration of reactive iminium and on the other hand resulting in a decreased
rate at which the metal-formato complex and thus the hydride intermediate is formed. A pH-value between
3.6 and 5.4 would be expected to afford high concentrations of both reactants and could therefore provide
higher reaction rates. In addition, it was proposed that at low pH-values the nitrogen of the sulfonamide
moiety of the TsDEPN ligand may be protonated and therefore dissociates from the metal. The resulting
monodentate amine complex would be less ridgied and therefore may explain the poor enantioselectivity at
low pH-values. Furthermore, it has to be considered that the hydride intermediate also may be protonated
to yield H, and that this competing reaction contributes to the low transfer hydrogenation activity under
these conditions.”

The low reaction rate at high pH-values may be explained by formation of the inactive hydroxo-species
resulting from deprotonation of the corresponding cationic aquo-complex. The corresponding processes are

outlined in Figure 2.4.
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Fig 2.4. pH-dependence of asymmetric transfer hydrogenation in water.??

2.1.2 Attificial Transferhydrogenases Based on the Biotin-(Strept)avidin Technology for the Asymmetric

Reduction of Ketones (Previous Work)

In a similar approach as applied for artificial hydrogenases (see section 1.1.2.2), a chemogenetic
optimization strategy led to the development of artificial transferhydrogenases (ATHase) for the
asymmetric reduction of ketones in the second half of the last decade within the Ward group. The chemical
diversity of the racemic biotinylated Noyori-type catalyst [(n"-Arene)M(biot-p-L)Cl] was generated by
variation of the metal (M = Ru'", Rh'!, Ir'"), the n = 6 (Arene = benzene, p-cymene, mesitylene, durene,

hexamethyl benzene for M = Ru, n = 5 pentamethylcyclopentadienyl for M = Rh, Ir) and the substitution
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pattern of the biotin moiety (¢ = ortho, meta, para) (figure 2.5).2° These complexes were prepared in situ
from the corresponding metal precursors [(n"-arene)MCl,], and the achiral ligands in refluxing isopropanol.
Applying the twenty one resulting racemic metal complexes to the reduction of acetophenone, p-
bromoacetophenone and p-methylacetophenone in presence of streptavidin revealed that only the para-
substituted complexes afforded significant reaction products and that the capping arene had a great

influence on the activity and selectivity of the ATHase.
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Fig. 2.5. Chemical diversity of the metal cofactor of the arificial transfer hydrogenase (ATHase).

Docking studies of [(p-cymene)Ru(biot-p-L)H] within wild type streptavidin showed that the residues S112
and S122 lie in closest proximity to the Ru-center. Nineteen streptavidin mutants resulting from saturation
mutagenesis at position 112 were subsequently combined with a selection of five complexes (Ru in
combination with either p-cymene, durene or benzene and Rh/Ir in combination with Cp*) and the resulting

artificial metalloenzymes were tested in the reduction of the three acetophenone derivatives. The main
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trends which emerged from this screening include: i) the absolute configuration of the reaction products is
strongly dependent on the n®-arene present in the Ru-complexes whereas the induced selectivity of the
corresponding ATHase can be reverted by the presence of cationic residues at position 112 (e.g. [(W*p-
cymene)Ru(biot-p-L)Cl] yields (R)-phenylethanol with 90% ee in case of Sav-S112A and (5)-
phenylethanol with 20% ee when the S112K mutant is present). ii) the hybrid catalysts with Ru-complexes
generally afford better results in terms of activity and selectivity compared to the Rh and Ir derived
ATHases iii) ATHases with Sav-mutants offering a coordinating amino acid residue at position 112 (e.g.
cysteine, histidine) are inactive, therefore confirming the proximity of this position to the metal center. The
X-ray crystal structure of the most promising (S)-selective ATHase [(n°-benzene)Ru(biot-p-L)Cl]cSav-
S112K confirmed the proximity of the K112 residue to the metal-center and identified K121 of an adjacent
monomer as another close-lying residue.?’ In addition, L124 was found to display a close contact to the
SO,-moiety of the ligand (figure 2.6). The absolute configuration of the Ru-atom is (S) which is also
observed in the (S)-selective homogenous system with chiral TsDPEN-ligands. Based on these
observations, a "second generation" of ATHases was designed by saturation mutagenesis of Sav-WT, Sav-
S112A (yields (R)-selective ATHases) and Sav-S112K (yields (S)-selective ATHases) at either the 121 and
124 position. The resulting 120 Sav isoformes were combined with either [(n®-p-cymene)Ru(biot-p-L)Cl]
or [(n®-benzene)Ru(biot-p-L)Cl] and tested for the reduction of different aromatic and dialkyl ketones. The
screening revealed that the K121 position is more crucial to optimization of enantioselectivity whereby up
to 90% ee for the reduction of was achieved using [(n%-p-cymene)Ru(biot-p-L)Cl]cS112A-K121T. As the
CH-r-interaction between p-cymene and the non-aromatic substrate cannot operate in this case, it was

concluded that the selectivity is induced by the second coordination sphere of the host protein.
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Fig. 2.6. Crystal structure of [(n°-benzene)Ru(biot-p-L)Cl]cSav-S112K (PDB-code:2QCB). Two symmetry-related
monomers are highlighted in mangenta (monomer A) and cyan (monomer B). The metal cofactors and the closelying

residues K112 and K121 are shown as sticks (carbon: grey, oxygen: red, nitrogen: blue, chlorine: green, Ru: cyan).
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2.2 Artificial Transfer Hydrogenases based on the Biotin-(Strept)avidin

Technology for the Asymmetric Reduction of Imines

2.2.1 Preamble: Comment on Publications

2.2.1.1 Optimization of an Artificial Transfer Hydrogenase for the Reduction of 6,7-dimethoxy-3,4-
dihydroisoquinoline

Based on the results obtained previously for the ketone reduction, the ATHase system was tested for the
asymmetric transfer hydrogenation of cyclic imines. In order to identify suitable metal cofactors for this
purpose, a selection of biotinylated d° piano stool complexes have been screened in presence of WT-Sav
for the reduction of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline to salsolidine in previous work. In
contrast to ketone reduction, the [(n°-Cp*)M(biot-p-L)CI] complexes (where M = Rh'!, Ir'!) afforded better
results in terms of activity and selectivity than the corresponding [(n°-arene)Ru(biot-p-L)CI] counterparts.
For all but one metal complex the same absolute product configuration was observed for the reduction of
phenylethanol and the imine substrate which contrasts with the corresponding homogenous system where
aromatic imines and ketones are reduced with opposite selectivity, thus again illustrating the influence of

the protein environment to the performance of the metal cofactors (see section 2.2.2).

Control experiments indicated that the biotinylated complexes are localized within the biotin-binding site
of the host protein and that it is the second coordination sphere which induces the selectivity of the artificial
transfer hydrogenase: i) catalysis with [(1°-Cp*)Ir(biot-p-L)Cl] in absence of Sav affords (rac)-salsolidine,
ii) racemic product in low yield was obtained with the non-biotinylated achiral counterpart [(n’-
Cp*)Ir(TsEN)CI) in presence of Sav iii) addition of biotin decreases the selectivity of the artificial transfer
hydrogenases drastically (see experimental part).

The artificial transfer hydrogenase was genetically optimized for the transfer hydrogenation of 6,7-

dimethoxy-1-methyl-3,4-dihydroisoquinoline by screening a library of Sav isoforms resulting from
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saturation mutagenesis at position S112 (see section 2.2.2). Similar trends with the mutant ATHases were
observed as for ketone-reduction. [(n>-Cp*)Ir(biot-p-L)CI]JcS112A (R-selective) and [(n>-Cp*)Ir(biot-p-
L)CI]cS112K (S-selective) provided the highest enantioselectivity and their performance could be further

improved with respect to the reaction temperature and the Sav-tetramer/[Ir] ratio.

2.2.1.2 Kinetics and Mechanism of the Artificial Transfer Hydrogenase

HABA -titrations and circular dichroism (CD) spectroscopy where the biotinylated Ir-complex was added
stepwise to a solution of Sav confirmed that the biotinylated complex is indeed incorporated within a well-
defined second coordination sphere. The maximal molar ration between [(n>-Cp*)Ir(biot-p-L)Cl] and
tetrameric Sav was found to be 4:1 in both experiments, indicating that all four biotin-binding sites of the
tetramer can accomodate the metal complex (see experimental part). Unfortunately, due to their complexity
it was not possible to deconvolute the CD-spectra of [(n*-Cp*)Ir(biot-p-L)Cl]=S112A and [(n’-Cp*)Ir(biot-

p-L)Cl]cS112K to extract binding constants.

The crystal structure of [(n’-Cp*)Ir(biot-p-L)Cl]cS112A (see section 2.2.2) shows that the Ir-atoms of two
adjacent monomers are located in close proximity (distance Ir----Ir = 5.2 A) and therefore may interact
during the catalytic process. Indeed, the molar ratio [(n>-Cp*)Ir(biot-p-L)Cl] vs. Sav-tetramer was found to
have a great influence on the catalytic performance of the hybrid catalysts. In case of the S112A variant, a
gradual erosion of the enantioselectivity was observed when increasing this ratio from 1:1 to 4:1 (where all
biotin binding sites of the tetramer are occupied with the Ir-complex). In contrast, the enantioselectivity of
the S112K-ATHase remains nearly constant. In case of both hybrid catalysts, the enantioselectivity
decreases when an excess of complex is present which is due to the production of racemic product by

unbound [(n*-Cp*)Ir(biot-p-L)CI].
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With regard to these observations, the following questions with respect to the mechanistic features of the
hybrid catalysts arise: i) how do adjacent active sites of the Sav-tetramer influence each other during
catalysis? ii) how is the enantioselectivity of the reaction induced? iii) what is the absolute configuration at
Ir in [(n’-Cp*)Ir(biot-p-L)H] in the transition state? iv) which mechanism of the hydride transfer is operative

(ionic or concerted)?

To gain further information on how the enantioselectivity is induced in the S112A and S112K derived
ATHases, the enzyme kinetics of [(n°-Cp*)Ir(biot-p-L)H] within both mutants at different [Ir]/Sav-tetramer

ratios was determined (see section 2.2.3).

A basic kinetic model of enzymes was developed by L. Michaelis and M.L. Menten.?® According to their
underlying mechanism, the substrate (S) and the enzyme (E) form a complex (ES) in a first step (whereby
ki denotes the association rate and &.; denotes the dissociation rate of ES). In a second step, the chemical
transformation takes place with a first-order rate (k) before the product (P) is released by the enzyme.
Assuming that the second step is rate-limiting (k.; > k), the enzyme-substrate complex ("Michaelis

complex") is in thermodynamic equilibrium with free enzyme and substrate.

ky k,

E+S ES —— E+P
k.

whereby

ki [ElS] _

k; [ES] s

is the corresponding equilibrium constant. Since in biotransformations the concentration of the substrate is
typically much higher than the concentration of the enzyme ([E] « [S]), the concentration of the enzyme-

substrate complex remains constant during the reaction:

d[ES]
dt 0

45



46

Chapter 2: Design and Genetic Optimization of an ATHase

This "steady-state" approximation formulated by G.E. Haldane and B.S. Briggs® in 1925 is more general
than the assumption of an equilibrium and the rate of an enzyme-catalyzed reaction can therefore be
expressed with the Michaelis-Menten equation:

Vi +[8]
- Ky +IS]

Plotting the initial rate v against the substrate concentration [S] yields a hyperbolic curve indicating
saturation kinetics with the maximal reaction rate at Vmax. In the case of the above mentioned Michaelis-
Menten mechanism in which only one particular enzyme-substrate complex is formed and all binding steps

are fast, k, represents the catalytic constant k.., which is defined as

where [E]o is the total enzyme concentration ([E]o = [E] + [ES]). kca: 1s often called the "turnover number"
of an enzyme. However, since k.. is related to the number of conversions per time unit, it is actually the
equivalent of the turnover frequency (TOF) used in context of homogenous catalysis. Kwm denotes the
Michaelis constant and represents the substrate concentration at which the rate v is equal to '/2Vimax. Kum
can be alternatively expressed as

B k.t ks, Kt k>
MUk Ky

If k.1 > ko, the dissociation constant K of the Michelis-Komplex becomes equal to the Michaelis constant
(Ks = Km). The Michaelis constant therefore can be viewed as a measure of the substrate affinity towards

the enzyme.

The assumption of interacting metal cofactors located in neighboring active sites is supported by the

observation that the k.. values decrease upon raising the [Ir]/Sav-S112A ratio from 2:1 to 4:1 (see section
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2.2.3). The significantly higher Ky-value in the fully [Ir]-saturated ATHase suggests that the affinity of the
substrate towards the artificial metal cofactor decreases, possibly due to sterical hindrance between two Ir-
Cp*-moieties. This interaction may also explain the observed concurrent decrease of the enantioselectivity,
indicating a different second coordination sphere around the metal at high [Ir]/Sav-S112A ratios as the
complex adopts a different conformation. In contrast, [(n’-Cp*)Ir(biot-p-L)Cl] seems to operate
independently in case of the S112K mutant as the ee- and kc.-values remain constant upon increasing the
[Ir]/Sav-S112A ratio from 1:1 to 4:1. The different behavior implies that the amino acid residue at position
112 close to the active site dictates the conformation of the metal cofactor which in turn determines the
relative alignment between the latter moiety and the substrate in the transition state and thus the absolute

configuration of the amine product produced.

With a critical look at the kinetic results obtained from catalysis at different [Ir]/Sav ratios, it has to be
mentioned that incubation of [(n’-Cp*)Ir(biot-p-L)CI1] with Sav in case where this ratio is lower than 4:1
results in a statistical distribution of Sav-tetramers with either no, one, two, three or four bound metal
cofactors. Therefore, it may be likely that the concentration of Sav-tetramer at a certain ratio of complex
and Sav might be slightly different as one would expect from the molar ratio which was obtained by
applying a given relative concentration in the experiment. In addition, the obtained kinetic parameters (kca,
Kwm) are apparent constants as transfer hydrogenation involves the consumption of actually two substrates
(imine and formate) to yield two products (amine and CO>). Therefore, this reaction might not be applicable
per se to the Michaelis-Menten mechanism on which the respective kinetic law relies.

Another question that arises in this context what is the absolute configuration of the metal center in the
transition state of the reaction. The catalytic cycle of transfer hydrogenation involves a planar 16 electron
complex to which the hydride can be delivered from both bottom and top face. Ikariya showed that prior to
hydride formation formate binds to the metal in the 16 electron amido complex [(p-cymene)Ru(R,R-
TsNCHPhCHPhNH)] yielding the corresponding 18 electron formato complex as a single diastereomer.*

This intermediate subsequently decarboxylates to afford enantiopure [(n®-p-cymene)Ru(R,R-TsDPEN)H]
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and CO,. In the homogenous system the chiral ligand thus dictates the absolute configuration of the metal
hydride which in turn determines the enantioselectivity in the reduction of the substrate (see section 2.1.1.1).
In contrast, the Ir-center of [(n’-Cp*)Ir(biot-p-L)H] is not configurationally stable in absence of Sav as it
affords racemic-at metal intermediate in the transfer hydrogenation. In principle, two possible
enantioselectivity determining mechanisms may operate in the case of the ATHase which both may
contribute to the enantiodiscrimination: i) the second coordination sphere of the host protein favors the
formation of a single [(n>-Cp*)Ir(biot-p-L)H]-diastereomer which then induces the enantioselectivity
similar to the homogenous system or ii) there is no influence of the second coordination sphere on the
selectivity of the hydride formation but one of the two resulting ATHase-isomers (obtained from the
combination of the racemic metal cofactor and the enantiopure protein) is more reactive towards the
substrate. The situation becomes even more complex in case where the molar ratio of [Ir]/Sav-tetramer is
greater than 1:4 as more than two isomers exist. The finding that only one configuration of the metal center
is observed in the crystal structure of [(1°>-Cp*)Ir(biot-p-L)CI]cS112A (see section 2.2.2) suggests that the
host protein discriminates between two diastereomers of [(n’-Cp*)Ir(biot-p-L)H] and therefore it seems
unlikely that different diastereoisomers of the hybrid catalyst are formed. This leads to the hypothesis that
the protein environment in ATHases dictates the absolute configuration of the metal in [(n>-Cp*)Ir(biot-p-
L)H]. The observation that the enantioselectivity of the reaction decreases above [Ir]/Sav ratios of 2:1 in
the case of the S112A-ATHase may thus indicate that metal complexes located in adjacent acive sites of
the Sav-tetramer may influence each other when the absolute configuration at Ir is determined. This is not
the case in the S112K counterpart as the individual active sites operate independently. The resulting
"induced key-and-lock" mechanism is not only supported by the Michaelis-Menten behavior (see above)
but also by additional data obtained from the crystal structure of the S112K-ATHase as well as docking
studies and is discussed in detail in section 2.2.3.

Further investigations concerning the question if an ionic or concerted mechanism is operative in the

ATHase-mediated transfer hydrogenation are presented in section 2.2.4.



Chapter 2: Design and Genetic Optimization of an ATHase = 49

2.2.2 Artificial Transfer Hydrogenases for the Enantioselective Reduction of Cyclic Imines

Author contribution: synthesis of biotinylated metal complexes, screening of Sav mutants (in collaboration

with Annette Mutschler), optimization of the reaction conditions for [(n’-Cp*)Ir(biot-p-L)CI]cS112A,
HABA -assays
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Enantiopure amines are privileged compounds which find
wide use in the pharmaceutical, agrochemical. and flavor and
fragrance industries. In this context, enzymatic,!l homoge-
neous,” and chemoenzymatic® approaches offer comple-
mentary means for the preparation of these targets.

The asymmetric transfer hydrogenation (ATH) of ketones
using d® piano stool complexes as catalyst has been the subject
of numerous studies!" leading to a unified picture of the
reaction mechanism.®”! The ATH of imines, however, has
received less attention.”! Interestingly, the reaction proceeds
through a different enantioselection mechanism: for a given
aminosulfonamide ligand configuration, the opposite enan-
tiomers (alcohol vs amine) are produced.” In addition. it has
been argued that the imine must be protonated for the
reaction to proceed.®!

In recent years, artificial metalloenzymes, resulting from
the introduction of a catalyst within a protein environment,
have attracted attention as potential alternatives to tradi-
tional catalysts”l Based on our experience in artificial ATHs
for the reduction of ketones, " we set out to test these systems
toward the enantioselective reduction of imines and to
compare their salient features with related homogeneous
systems.

As a starting point, we screened d® and d® piano stool
complexes bearing the biotinylated aminosulfonamide ligand
(abbreviated Biot-p-L) combined with wild-type streptavidin
(Sav) for the production of salsolidine 1 (Scheme 1).1'"

This screening led to the identification of [Cp*Ir(Biot-p-
L)Cl] (5CSav) as the most promising catalyst. This contrasts
with ATH of ketones for which [(n®-arene)Ru(Biot-p-L)Cl] 2
and 3 proved superior (Table 1).'% Tn all but one case, both
amine 1 and 1-phenylethanol 6 were produced with the same
configuration for a given artificial metalloenzyme.
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o HCO,Na 0 H
1
artificial metalloenzyme:
O%
NH
HN%H o)
H ﬁ/« n"-CaR
SOl
Nwn-\
< o
+ / H
Savs112x  H 2.5
M n"-CiR, Abbreviation

Ru mS-p-cymene [(p-cymene)Ru(Biot-p-L)CI] 2
Ru mS-benzene [(benzene)Ru(Biot-p-L)CI] 3
Rh n%CsMes  [Cp*Rh(Biot-p-L)Cl] 4
Ir 7m>-CsMes  [Cp*Ir(Biot-p-L)CI] 5

Scheme 1. Artificial metalloenzymes based on the biotin-streptavidin
technology for the ATH of imines. MOPS = 3-morpholinopropanesul-
fonic acid.

Next, we screened complex § with the saturation muta-
genesis library S112X (Table 2 and Supporting Information,
Table S1). Noteworthy features include:

1) Incorporation of [Cp*Ir(Biot-p-L)Cl] (5) into Sav S112X
produces predominantly (R)-1.

2) The best (R)-selectivities are obtained for the smallest
amino acids at position 112 (S112G, S112A). The optimal
pH is 6.50, affording the product in 85% ee at 55°C
(Table 2, entries 3 and 14).

3) The active biotinylated catalyst resides in the biotin-
binding vestibule: addition of four equivalents of biotin to

Table 1: Results for the chemical optimization of artificial transfer
hydrogenases.

Entry Complex ee [%] ee [%6]
[conv,] 1 [conv.] 6
1 2 22 (R) [97] 70 (R) [34]
2 3 12 (R) [76] 45 (S) [56]
3 4 52 (R) [94] 15 (R) [26]
4 5 57 (R) [quant.] 13 (R) [47]

[a] The reaction was carried out at 55°C for 15 h using 1 mol % complex
2-5 (690 pm final concentration) and 0.33 mol% tetrameric WT Sav at
pH 8.0 (MOPS buffer 2.9 m) containing 3.65 M HCO,Na (see Supporting
Information for experimental details). [b] Data from Ref. [12].

Angew. Chem. Int. Ed. 2011, 50, 30263029
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Table 2: Selected results for the genetic optimization of artificial transfer
hydrogenases for the production of Salsolidine 1.F!

Entry  Sav T t pH Conv. [%]  ee [%]
mutant [°C] [h]

1 no prot. 25 5 7.25  quant. rac.

2 WT Sav 55 2 7.25  quant. 57 (R)
3 S112G 55 2 7.25  quant. 60 (R)
4 S112R 55 2 7.25  quant. 19 (S)
5 S112K 55 2 7.50 94 35(S)
6 S112K 55 64 7.25 30 6 (S)
7 S112K 5 48 7.50  quant. 78 (S)
8 S112K 25 24 7.25 399 44 (S)
9 S112K9 25 24 7.25 309 42 (8)
10 empty plasmid 25 24 7.25 434 1(5)
n S112A 55 2 7.25  quant. 79 (R)
12 S112A 55 64 7.25 69" 27 (R)
13 S112A 55 2 725 599 14 (R)
14 S112A 55 2 6.50  quant. 85 (R)
15 S112A 5 24 6.50  quant. 91 (R)
16 S112A 5 24 6.50  quant! 93 (R)
17 S112A 5 24 6.50  quant® 88 (R)
18 S112A 5 96 6.50  quant. 96 (R)
19 S112A 5 115 650 86! 96 (R)
20 S112A 25 24 725 770 64 (R)
21 S112AM 25 24 7.25 650 61 (R)
22 H87A 55 2 7.25  quant. 48 (R)
23 H127A 55 2 7.25  quant. 54 (R)
24 S112AK121T 5 24 6.50 90 54 (R)

[a] See Table 1 and Supporting Information for full experimental details;
S112P was expressed as inclusion bodies and thus was not tested.
[b] Acetophenone reduction yielding 1-phenylethanol 6. [c] 50 um [Cp*Ir-
(Biot-p-L)CI] (5; i.e. 1 mol% vs 1) and 25um S112K (tetramer).
[d] Precipitated protein from cell free extracts (Supporting Information).
[e] Four equivalents (vs tetrameric Sav) biotin added. [f] 0.25 mol%
complex 5 and 0.25 mol % S112A tetramer. [g] 1 mol % complex 5 and
0.25 mol% S112A tetramer. [h] 0.025 mol% complex 5 and 0.025 mol %
S112A tetramer. []86% yield of isolated product on 100 mg scale.
[i139 um [Cp*Ir(Biot-p-L)Cl] (5; i.e. 1 mol% vs 1) and 20 um ST12A
(tetramer).

[Cp*Ir(Biot-p-L)Cl|CS112A  affords (R)-1 in low ee
(Table 2, entry 13).

4) (8)-selectivities result from the presence of a cationic
residue at position S112 (e.g. S112K and S112R, Table 2,
entries 4 and 5).

5) Decreasing the temperature to 5°C allows improvement
of the enantioselectivity to 91% (R) for 5CS112A and
78% (8) for 5CS112K (Table 2, entries 7 and 15). Impor-
tantly, these reactions are not sensitive to traces of oxygen:
no degassing is required prior to catalysis.

6) Up to 4000 turnovers can be achieved with no erosion of
selectivity (Table 2, entry 18). On a preparative scale
(100 mg substrate, 0.025 mol % catalyst), the ee could be
further increased to 96 %, with an isolated yield of 86 %
(Table 2, entry 19).

7) [Cp*Ir(Biot-p-L)CI]CST12A produces the same preferred
enantiomer for alcohol (R)-6 and amine (R)-1. Similarly,
[Cp*Ir(Biot-p-L)Cl|CS112K affords (5)-6 and amine (S)-
1, respectively (Table 2, entries 6 and 12). This suggests
that both imine and ketone reduction proceed through the
same enantioselection mechanism. We thus conclude that
the second coordination sphere interactions provided by
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the host protein outweigh the preference of the related
homogeneous catalyst.

8) Increasing the ratio of [Cp*Ir(Biot-p-L)Cl] vs Sav tetra-
mer from one to four leads to a gradual erosion of
enantioselectivity (93 to 88% ee, Table 2, entries 16 and
17). This suggests that an empty biotin binding site
adjacent to a [Cp*Ir(Biot-p-L)Cl| moiety within Sav may
be favorable for selectivity.

9) Performing catalysis with Sav mutants obtained from an
ethanol precipitation step on a dialyzed protein extract
yields results very similar to those obtained with dilute
samples of pure protein for both S112K and S112A
(Table 2, compare entries 810 and 20-21). This finding
demonstrates that [Cp*Ir(Biot-p-L)Cl] (5) tolerates cel-
lular components.™® This opens fascinating perspectives
for parallel screening as it significantly shortens the
protein purification effort (from 12 to 3 days).

To gain structural insight into the best (R)-selective
artificial metalloenzyme, crystals of S112A Sav were soaked
with a solution containing an excess of cofactor 5. The X-ray
crystal structure was solved to 1.9 A resolution. Strong
residual density in the F,—F, map indicated that all biotin-
binding sites are fully occupied by ligand Biot-p-L (Figure 1 a,

Figure 1. Close-up view of the X-ray crystal structure (PDB: 3pk2) of
complex 5CS112A Sav showing two symmetry-related cofactors in the
biotin-binding pocket of the protein tetramer. F,—F_ omit map colored
in green (contoured at 3 0) and anomalous difference density map (5
0) in red (a). Surface representation with basic residues in blue, acidic
in red, polar and apolar in gray (b); (chloride: yellow sphere).
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between the substrate’s aro-
matic group and the protein
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Figure 2. Possible transition states for the d® piano stool catalyzed asymmetric transfer hydrogenation of
ketones and imines a—d. a) CH---x interaction combined with a contact between the imine N and K121
affords (R)-products (b and e; latter viewed from the empty biotin-binding pocket).

note that due to crystallographic symmetry all Sav monomers
are identical). Adjacent to the ethylendiamine moiety of Biot-
p-L a strong peak (150) in the anomalous difference map
suggested the position of iridium. To avoid negative F,—F,
density the iridium atom occupancy was set to 50 % . This most
likely indicates partial dissociation of the {IrCp*Cl} fragment
upon soaking, since alternative conformations appear steri-
cally not possible. The iridium atoms of two symmetry-related
cofactors (face-to-face) are separated by 5.2 A. Despite the
purity of the complex used for soaking, no F,—F, density was
found for Cp* and chloride ligands. To prevent steric clashes
between symmetry-related Cp* groups, this bulky moiety was
modeled with a dihedral angle S-N-Ir-Cp* . ireiq = 98.3° (and
S-N-Ir-Cl = —34.2°). This sets the configuration at Ir in the
structure to (S)-[Cp*Ir(Biot-p-L)Cl] (and correspondingly
(R)-[Cp*Ir(Biot-p-L)H]).

Compared to the recently characterized [(°-benzene)Ru-
(Biot-p-L)Cl] (3CS112K:; PDB: 2qcb, an (S)-selective
ATH) ' the absolute configuration at the metal is (S) in
both cases, but the metal fragment is rotated along the aryl—S
bond by about 150°. This prevents steric clashes between the
benzene moiety and K121 of the adjacent monomer B
(Figure S2b).

Additional anomalous difference density indicating iri-
dium was found in the vicinity of the N, atoms of H87 and
H127 (Figure S2c,d). These species, however, are not
involved in catalysis, as demonstrated by the results obtained
with the H87A and H127A mutants which are nearly identical
to those obtained with WT Sav (Table 2, entries 22 and 23).

Assuming that the absolute configuration revealed in the
X-ray structure is catalytically active, two transition states
leading to the observed (R)-products (alcohol or amine) can
be envisaged: non-concerted + CH--x or concerted + non-
CH--m, respectively (Figure 2b.,c). Qualitative modeling of
the imine substrate into a vacated neighboring biotin site was
carried out for both possible transition states leading to (R)-1.
For the concerted + non-CH:m mechanism, steric clashes

www.angewandte.org
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project the imine moiety into
the Cp* fragment (Figure S2e).
In contrast, for the non-con-
certed + CH--m interaction,
no steric clashes with the pro-
tein are apparent (Figure 2e).
Interestingly, the imine func-
tionality lies close to the ammo-
nium group of K121 (of the
adjacent monomer). This con-
tact may replace the amine
group of the ligand for the
delivery of a proton to the
substrate (Figure 2b,e). To test
this possibility, the double
mutant  SII2AKI2IT  was
tested in catalysis (Table 2,
entry 24). The erosion in enan-
tioselectivity suggests that the
non-concerted + CH--m mech-
anism is operative both for the ATH of ketones and imines.

In summary, introduction of a biotinylated iridium piano
stool complex [(n>-Cp*)Ir(Biot-p-L)Cl] (5) within streptavi-
din affords an artificial imine reductase. Both (R)-1 (96 % ee)
and (S)-1 (78 % ee) are accessible with the same organome-
tallic moiety. This corresponds to a SAG™ of 3.3 kcalmol ™ for
a single-point mutation. With the implementation of labo-
ratory evolution protocols for the optimization of artificial
metalloenzymes for the reduction of more challenging imines
in mind™* we have shown that the screening can be
performed in air with up to 4000 TON and, most importantly,
on precipitated protein rather than on rigorously purified Sav
samples used thus far. Based on X-ray structural data, we
suggest that the reaction proceeds, both for the imine and the
ketone reduction, through a non-concerted + CH--m inter-
action,[™ ") whereby the residue K121 may be involved in the
protonation step.
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SUPPORTING INFORMATION

Synthesis of complexes 2-5 was carried out as described in Letondor et al.,' expression and

purification of Sav mutants as described by Humbert et al.> and Klein et al.*

CATALYSIS

Preparation of Stock Solutions
The reaction buffer was prepared by mixing 3-(N-morpholino)propane sulfonic acid (MOPS,
final concentration 1.2 M) and sodium formate (final conc. 3 M) mn milliQ water. The pH was

adjusted with NaOH and the solution was thoroughly degassed (flushing with nitrogen).

A substrate stock solution was prepared by dissolving 6,7-dimethoxy-1-methyl-3.4-

dihydroisoquinoline in milliQ water to a final concentration of 2 M.

Metal complexes were dissolved in degassed DMF to a final concentration of 39.5 mM.

General Procedure for the Asymmetric Transfer Hydrogamation

Lyophilized streptavidin S112X corresponding to 0.83 mM final concentration of free binding
sites (3 - 5.6 mg) was weighed into reaction tubes. The reaction buffer (200 uL) was added
and the mixture was stirred until all protein was dissolved. The metal complex stock solution
was added (3.7 pL, final conc. 0.69 mM; 0.83 equivalents [Ru]/[Rh]/[Ir] vs. Sav free binding
sites) and the mixture was stirred for 5 minutes. Finally, the substrate stock solution was

added (7.5 pL, final conc. 69 mM). The tubes were placed in a magnetically stirred
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multireactor (RR 98072, Radleys Discovery Technologies), which was purged three times
with nitrogen (and was heated up to 55 °C if required). After completion, 0.5 mL of milliQ
water and 50 pL of 20 % NaOH were added to the reaction mixture, which was then extracted
tfour times with 1.5 mL of CH,Cl,. The organic phase was dried over Na,SOy, filtered with a
syringe filter and subjected to HPLC analysis, using a Chiralpak IC column (20 pum, 250 x
4.5 mm, Daicel Chemical Industries, Tokyo) with CH,Cl,/iPrOH/DEA 98:2:0.1 as an eluent
at 1 mL/min (ts = 6.86 min, tebstate = 8.37 min, tg = 10.19 min, UV-detection at 280 nm). The
absolute configurations were assigned by comparison with commercial enantiopure samples
of (R)/(8)-salsolidine. Reactions at 5 °C were performed in thoroughly nitrogen-flushed and
sealed tubes which were cooled using a cryostat (Julabo F12). A summary of the catalysis

results are given in Supporting Table 1.
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Supporting Table 1: Summary of Catalysis Results for the Production of 1 and 6

Entry Temp | Time pH Conv. ee
Complex < Sav mutant
(°C) | (hrs) (%0) (%0)

| 5 no protein 25 5 7.25 quant. rac

2 5c WT Sav 55 2 725 quant.’ 57 (R)
3 5c<S112G 35 2 7.25 quant.” 60 (R
4 5cS1121L 55 2 7.25 87" 14 (R
5 5cS1121 55 2 7.25 75° 509
6 5 SI1I12F 55 2 725 quant.’ 37 (R
7 5c<S112Y 55 2 725 quant.’ 50 (R)
8 5= S112W 55 2 7.25 quant.” 7(R)
9 5cS112T 55 2 7.25 15° 46 (R
10 5cS112C 55 2 7.25 75° 25(R
11 5cS1i2M 55 2 7.25 26° 19 (.9
12 5 S112N 55 2 7.25 quant.” 20 (R
13 5cS112Q 55 2 7.25 47 16 (.S
14 5cS112D 55 2 7.25 quant.” 29 (R
15 5c S112E 55 2 7.25 80° 5(R)
16 5c S112H 55 2 7.25 13 9 (R
17 5c S112R 55 2 7.25 quant.” 19 (S
18 5cS112v 55 2 7.25 quant.” 19 (R
19 5 S112A 55 2 7.25 quant.” 79 (R)
20 5<SLI2A 55 64 725 | 69° 27 (R
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21 5<=S112K 55 2 7.25 quant.” 25(9
22 5cSI12K 55 64 7.25 30° 6 (S
23 5cSI112A 55 2 7.25 quant.® 14(R)
24 5c<SI12K 55 2 7.25 quant.® rac.
25 5c=SI1I12A 55 2 6.50 quant.” 85 (R
26 5cSI1I2A 25 5 6.50 quant. 89 (R)
27 5cS112A 5 24 6.50 | quant. 91 (R
28 5cS112A 5 24 6.50 | quant. 93 (R)
29 5cS112A 5 24 6.50 | quant® 92 (R)
30 5cSI12A 5 24 6.50 quant.” 91 (R
31 5cS112A 5 24 6.50 quant.® 88 (R
32 5cSI112A 5 96 6.50 quant.” 96 (S
33 5<S112A 5 115 6.50 | 86™ 96 (R)
34 5cSI112K 55 2 7.50 quant.® 35(9
35 5cSI112K 25 24 7.50 quant. 62 (S
36 5c<SI112K 5 48 7.50 quant. 78 (S)
37 5cS112K 25 24 725 |39 44 (9
38 5cS112K! 25 24 725 |30 42(9
39 5 + empty plasmid’ 25 24 7.25 43 1(9
40 5 S112A 25 24 725 | 77F 64 (R
41 5 S112A! 25 24 725  |65° 61 (R)
42 5 c H87A 55 2 7.25 quant.® 48(R)
43 5cHI27A 55 2 7.25 quant.® 54(R)
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44 5 S112AKI121T 55 2 6.50 quant.” 54 (R

*The reaction was carried out at 55°C for 2 h using 1 mol % complex 2-5 and 0.33 mol %
tetrameric WT Sav containing 3.65 M HCO,Na in 1.46 M MOPS buffer; "acetophenone
reduction yielding I-phenylethanol 6; “four equivalents (vs. tetrameric Sav) biotin added;
40.25 mol % complex 5 and 0.25 mol % S112A, 0.50 mol % complex 5 and 0.25 mol %
S112A; %0.75 mol % complex 5 and 0.25 mol % S112A; #1 mol % complex 5 and 0.25 mol %
S112A: "0.025 mol % complex 5 and 0.025 mol % S112A, '86 % isolated yield on a 487 mM
scale, 150 pM [Cp*Ir(Biot-p-L)CI] 5 (ie. 1 mol % vs 1) and 25 pM S112K (tetramer), k39 M
[Cp*Ir(Biot-p-L)CI] 5 (1e. 1 mol % vs 1) and 20 uM S112A (tetramer), Iprecipitated protein

from cell free extracts (See SI).

HABA TITRATION EXPERIMENTS

Aliquots (5 pL, 0.25 equivalents vs. tetrameric Sav S112A) of a biotin solution (0.69 mM in a
0.5 M sodium phosphate-butfer, pH 7.4) or a solution of [Cp*Ir(Biot-p-L)Cl] 5 (0.69 mM in
DMF), respectively, were added stepwise to a mixture of 2.4 mL of a streptavidin S112A
soluton (8 puM in 0.5M sodium phosphate-bufter, pH 7.4) and 300 ulL of a 4-
hydroxyazobenzene-2-carboxylic acid-solution (HABA, 9.6 mM in water) in a cuvette. The
decrease of absorption was monitored at 506 nm (Supporting Figure 1). Based on the
equivalence point of 3.0 determined with biotin, the molecular weight of tetrameric Sav was
back-calculated to obtain an equivalence point at 4.0 equivalents (MW pparentSaVietramer: (65700

x 4.0)/3.0). This apparent molecular weight was used for all experiments.
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Titration of Biotin and Complex 5 towards S112A

115
%
105 —&

Absorbance
L |

045 T T T T
0 0.5 1 15 2 2.5 3 35 4 4.5
eq Biotin/Complex 5 vs. Sav tetramer

Supporting Figure 1: HABA displacement titration with biotin (red squares) and complex 5

(blue diamonds).4
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2.2.3 Structural-, Kinetic- and Docking Studies of Artificial Imine Reductases Based on the Biotin-
Streptavidin Technology: An Induced Lock-and-Key Hypothesis

Author contributions: Michaelis-Menten kinetics of [(>-Cp*)Ir(biot-p-L)Cl]=S112A and [(n>-Cp*)Ir(biot-
p-L)CI]cS112K for the transfer hydrogenation of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline,

catalysis
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ABSTRACT: An artificial imine reductase results upon
incorporation of a biotinylated Cp*Ir moiety (Cp* =
C;Me;~) within homotetrameric streptavidin (Sav) (referred
to as Cp*Ir(Biot-p-L)Cl] C Sav). Mutation of S112 reveals a
marked effect of the Ir/streptavidin ratio on both the
saturation kinetics as well as the enantioselectivity for the
production of salsolidine. For [Cp*Ir(Biot-p-L)Cl] C SI112A

biotin-NH-p-CgH,

3 (S)-[Cp'Ir(biot-p-L)CI] C Sav S112A

g 2. (R)-selective
imine reductase

15 C"\' + streptavidin S112X
N b “Induced Lock-and-Key"
N M

NH

L——» (A))-[Cp"Ir(biot-p-L)CI] C Sav S112K
(5)-selective
imine reductase

(rac-[Cp*irbiot-p-L)CI]

Sav, both the reaction rate and the selectivity (up to 96% ee (R)-salsolidine, k., 14—4 min™" vs [Ir], Ky 65—370 mM) decrease

upon fully saturating all biotin binding sites (the ee varying between 96% ee and 45% ee R). In contrast, for [Cp*Ir(Biot-p-L)Cl]
C S112K Sav, both the rate and the selectivity remain nearly constant upon varying the Ir/streptavidin ratio [up to 78% ee (S)-
salsolidine, kg, 2.6 min~", Ky 95 mM]. X-ray analysis complemented with docking studies highlight a marked preference of the
S112A and S112K Sav mutants for the S}, and Ry, enantiomeric forms of the cofactor, respectively. Combining both docking and
saturation kinetic studies led to the formulation of an enantioselection mechanism relying on an “induced lock-and-key”

hypothesis: the host protein dictates the configuration of the biotinylated Ir-cofactor which, in turn, by and large determines the

enantioselectivity of the imine reductase.

B INTRODUCTION

Artificial metalloenzymes result from the incorporation of a
catalytically competent organometallic moiety within a macro-
molecule.™* Thus far, three anchoring strategies have been
pursued to ensure localization of the abiotic cofactor within a
well-defined second coordination sphere environment:'*
covalent, dative, or supramolecular. One of the most attractive
features of such systems results from combining both chemical
and genetic optimization strategies. In this context, the biotin—
streptavidin technology has provided a propitious playground
for the creation and optimization of artificial metalloen-
zymes V15718 Tethering a biotin anchor to a catalyst precursor
ensures that, in the presence of streptavidin (Sav hereafter), the
metal moiety is quantitatively incorporated within the host
protein. Importantly, the dimer of dimers nature of the Sav
homotetramer provides two ideally sized biotin-binding
vestibules, each capable of accommodating (up to) two
biotinalyted catalysts as well as the corresponding substrates.
However, as the biotin-binding vestibule is fairly shallow, upon
incorporation, the biotinylated catalyst tends to be poorly
localized, as reflected by the low metal occupancy in the
corresponding X-ray structures.'®™>* This ill-defined cofactor
localization, combined with the vast genetic optimization
potential, offers an opportunity but also a challenge for rational
structure-based design.

< ACS Publications  ©2014 American Chemical Society

15676

We recently reported on an artificial imine reductase,
asymmetric transfer hydrogenase (ATHase hereafter), resulting
from incorporation of a biotinylated Cp*Ir-moiety within
streptavidin ([ Cp*Ir(Biot-p-L)Cl] C Sav hereafter) (Cp* =
CsMes~, Scheme 1). We showed that, upon substituting Sav
Ser112 with either an alanine or a lysine (i.e,, S112A or S112K),
both enantiomers of salsolidine 2 could be produced in 96% ee
(R)- and 78% ee (S)-configuration, respectively (Scheme
1).>"* This single-point mutation thus leads to a difference
in transition state Gibbs energy SAG? = 3.5 kcal-mol™ between
both enantiomers at room t61np61'atu1'e.24 Herein, we present

Scheme 1. Artificial Imine Reductase (ATHase) for the
Production of Both Enantiomers of Salsolidine 2

Atificial Transferhydrogenase (ATHase)
sodium formate

0. MOPS-buffer 0.
N o .
o = Vi ATHase \OD?NH
1 HN 2

] : :
. N ! Sav-mutant TON* ee (%)* selectivit;
sy \QC\;‘"‘NHz (%) y
NS

[e]

S112A 4000 96 R
S112ZK >200 78 (S)

oo
ATHase: [Cp*Ir(biot-p-L)CI)
*optimized conditions

+ Sav-mutant
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our efforts to rationalize the effect of point mutations on the
structure and catalytic performance of both ATHases.

B RESULTS AND DISCUSSION

Michaelis—Menten Behavior of ATHase. In order to gain
insight on the kinetics of the two ATHases, we set out to
determine the saturation kinetics and the corresponding
enantioselectivity for both [Cp*Ir(Biot-p-L)Cl] C S112A and
[Cp*Ir(Biot-p-L)Cl] € S112K at various Ir/Sav ratios. In
previous screening studies, we typically set this ratio to 2. The
fully loaded X-ray structure of [Cp*Ir(Biot-p-L)Cl] C SI12A
(PDB code 3PK2)*' suggests that the four biotinylated
cofactors are arranged as two pairs with the Cp* moieties of
each pair within van der Waals contact. We thus speculated that
the Ir loading (i.e., Ir/Sav ratio) may have a significant influence
on the catalytic performance of the ATHase.>> The Michaelis—
Menten behavior and enantioselectivity were determined in
triplicate at four different Ir/Sav ratios (1, 2, 3, and 4 vs
tetrameric streptavidin) for both S112A and S112K ATHase as
well as for the bare catalyst [Cp*Ir(Biot-p-L)Cl]. The data is
displayed in Figure 1 and collected in Table 1.

S112A S112K

S ®
rate [rnm"]
9 w

rate [rlin“]

N & @ @

0 100 200 300 400 500 0 100 200 300 400 500

substrate concentration [mM] substrate concentration [mM]
Figure 1. Saturation kinetics profiles of [ Cp*Tr(Biot-p-L)Cl] C S112A
(left) and [ Cp*Ir(Biot-p-L)Cl] C S112K (right) for the production of
salsolidine. The initial rates are displayed with respect to the
concentration of iridium. [Sav] = 25 pM (corresponding to [biotin
binding sites] = 100 M) was held constant, varying the Ir/Sav ratio
from 1.0 (blue data points) to 2.0 (red data points), 3.0 (green data
points), and 4.0 (magenta data points). For comparison, the initial
rates for the free [Cp*Ir(Biot-p-L)Cl] catalyst are displayed (50 M,
black data points). The black solid lines correspond to the fit obtained
either using the Michaelis—Menten or the Haldane equation (see
Table 1).

As can be appreciated from these data, the kinetic and
selectivity behavior of both ATHases differ markedly. The

following trends emerge:

(i) For [Cp*Ir(Biot-p-L)Cl] C S112A, upon increasing the
Ir/Sav ratio beyond 2, the rate decreases (k. determined vs
[Ir]) and the Michaelis constant K,; increases. These
observations suggest that neighboring [Cp*Ir(Biot-p-L)Cl]
moieties experience significant steric interaction, leading to a
decrease in enzyme—substrate affinity and rate. The modest
substrate inhibition (derived from fitting the saturation kinetics
behavior with the Haldane equation)™ at Ir/Sav = 1.0 suggests
that the biotin-binding vestibule may accommodate the
prochiral imine substrate within the empty biotin-binding site.
Strikingly, the ee drops sharply to 45% (R)-salsolidine 2 at Ir/
Sav = 4.0. This suggests that, upon saturating all biotin-binding
sites with [ Cp*Ir(Biot-p-L)Cl], the second coordination sphere
environment around the metal, which is responsible for the
enantioselection, differs significantly from that at lower Ir/Sav
ratios.

(i) For [Cp*Ir(Biot-p-L)Cl] C S112K, upon increasing the
Tr/Sav ratio, ke Ky, and ee remain essentially constant. These
observations suggest that all four [Cp*Ir(Biot-p-L)Cl] moieties
operate largely independently, irrespective of the presence or
absence of a catalytic moiety in the adjacent biotin-binding site.
The substrate inhibition, observed at Ir/Sav = 1.0, is lifted upon
increasing the metal loading.

A possible explanation for the striking difference in behavior
of the S112A- and S112K-derived ATHases may lie in different
binding affinities of the biotinylated cofactor [Cp*Ir(Biot-p-
L)Cl] for the respective host proteins. Indeed, if only two
cofactors bind to S112A with high affinity, one would anticipate
an erosion of enantioselectivity upon increasing the Ir:S112A
ratio beyond 2. To test this hypothesis, we estimated the
binding affinity of [Cp*Ir(Biot-p-L)Cl] for both S112A and
S112K using the 2-(4-hydroxyphenylazo)benzoic acid (HABA)
displacement assay.”” HABA displays millimolar affinity for
streptavidin. The resulting host—guest complex HABA C Sav
exhibits an absorbance at 506 nm. Addition of a biotinylated
probe (with higher affinity than HABA) leads to a gradual
decrease of the absorbance at 4,,,, = 506 nm.

This displacement titration procedure was performed with
[Cp*Ir(Biot-p-L)Cl] using both S112A and S112K. In both
cases, the displacement titration curves were nearly identical to
those obtained for biotin (see Figure SI1, Supporting
Information). Most importantly, they reached a minimum at
ca. 4.0 equiv, unambiguously demonstrating that up to four
[Cp*Ir(Biot-p-L)Cl] cofactors have similar affinities for both
S112A and S112K. Unfortunately, the linear profiles of the
displacement assay precluded a precise determination of the

Table 1. Michaelis—Menten Parameters and Enantioselectivity for the Production of Salsolidine 2 Using Artificial ATHase

entry Sav mutant eq [Ir]? ee”
1 no Sav -t 0
2 S112A 1.0 93
3 2.0 92
4 3.0 89
S 4.0 45
6 S112 K 1.0 =70
7 2.0 -74
8 3.0 =76
9 4.0 =78

ko/[Ir] (min")*< Ky (mM)4 K; (mM)“?

8 + 0.41 120 + 18 0

141 + 1.7 65+ 16 3201 + 3015

114 + 07 74+ 17 0

6.8 + 0.5 80 + 19 0

43+ 11 370 + 175 0

27 + 083 82+ 47 1073 + 1138

2.6 + 0.08 95+ 9 0

33 +0.13 119 + 14 0

33+ 017 151 + 21 0

“Eq [Cp*Ir(biot-p-L)CI] versus free biotin binding sites. “Corresponds to an [(Cp*Ir(biot-p-L)CI)] = 50 M, no Sav present. “Positive values
correspond to (R)-salsolidine 2, negative values correspond to (S)-salsolidine 2. “Errors represent standard errors derived from triplicate

measurements. “k

e determined vs [Ir].
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aflinity. Such a linear profile, however, sets a lower limit for the
affinity constant (i.e, K, > 10° M™) and thus ensures that
>99% of the cofactor is bound to either S112A or S112K at full
saturation.

Taken together, these results suggest that the second
coordination sphere around S112K ATHase differs significantly
from that of the S112A mutant. With the X-ray structure of this
latter mutant at hand, we set out to structurally characterize
[Cp*Ir(Biot-p-L)Cl] € S112K by X-ray crystallography.

X-ray Structure of [Cp*Ir(Biot-p-L)Cl] € S112K. Crystals
of complex [Cp*Ir(Biot-p-L)Cl] € S112K Sav were obtained
by the soaking technique at pH 8.0, and diffraction data were
collected at the synchrotron to 2.5 A resolution. Upon refining
the streptavidin structure, residual electron density in the 2F, —
F, map remained in the biotin-binding cavity (Figure 2). The
anomalous dispersion density map revealed two peaks (4.5 and
4.0 A) in the vestibule that coincided with two strong peaks in
the F, — F. omit map (11.5 and 5.4 o). The density was
modeled with the [Cp*Ir(Biot-p-L)Cl] cofactor in two

Figure 2. Close-up view of the cofactor conformations A (a) and B (b)
in stick-representation modeled into the biotin binding site in the
arystal structure of [Cp*Ir(Biot-p-L)Cl] C S112K Sav (PDB code
40KA). Only one Sav dimer (monomers are highlighted in gray and
brown, respectively) is depicted for clarity, the Cp*~ and CI™ could
not be located and are thus not displayed. The green cylinder
highlights the N{-Lys112--Ir contact. The 2F, — F, electron density
and the anomalous difference density map are highlighted in
aquamarine and red and are contoured at 1 ¢ and 2.5 o, respectively.

15678

conformations (A and B with occupancies of 60% and 40%,
respectively) related by a rotation of 180° around the Cypyene—
Squforamide bond  (Figure 2). No electron density for any
additional ligands at iridium (e.g,, Cp*, CI~ or H,O etc.) could
be detected in the F, — F, omit map. We hypothesize that this
may be due to the flexibility of the cofactor within the shallow
biotin-binding vestibule. In the F, — F, omit map, no residual
electron density was detected to model the side chain of
Lys112, suggesting a high flexibility. However, upon modeling
its side chain in an extended conformation, electron density
became visible in the 2F, — F. map (Figure 2). In this
conformation, the distance N¢-Lys112—Ir is 2.3 A, suggesting a
bonding interaction between Ir—N. We assume that the three
remaining free coordination sites are occupied by Cp*~, thus
suggesting an absolute configuration of the metal of Ry.
Orientation A produced similarities to the cofactor in structure
[Cp*Ir(Biot-p-L)Cl] C S112A Sav (PDB code 3PK2,*' Figure
SI2a, Supporting Information) while the cofactor conformation
B shares similarities with its counterpart in structure [(#°-
benzene)Ru(Biot-p-L)Cl] C Sav-S112K (PDB code 2QCB,"?
Figure SI2b, Supporting Information).

Unfortunately, the absence of the substrate in the crystal
structure and the apparent flexibility of both the cofactor and
the lysine 112, as well as the lack of Cp* and Cl~ densities, do
not allow one to establish a molecular relationship for the ee
and rates observed for both mutants. We thus turned to
docking simulations to gain further structural insight.

Docking Simulations. In order to analyze the kinetic- and
ee profiles, several molecular features of the ATHase were
addressed by computational means, as summarized in Scheme
2: (i) Do Sav S112A and Sav S112K have any preference for
binding [Cp*Ir(Biot-p-L)Cl] in a given absolute configuration
at the metal? (ii) What is the complementarity between the
cofactor and the substrate? (iii) What is the influence of the
occupation of one biotin binding site on the catalytic profile of
the adjacent cofactor?

Scheme 2. Stepwise Docking Strategy Used To Identify (i)
Enantiodiscrimination between a Model Dimeric
Streptavidin Sav,,, and (rac)-[Cp*Ir(Biot-p-L)Cl] and (ii)
Critical Interactions between the ATHase and the Prochiral
Imine Substrate

S112AK S112AK

:suzmﬂsnzm

Savyp

i

St12AK S5112AK

:

homotetrameric Sav

= (dimer of cimer) Sav dock rac-[Cp*Ir(biot-p-L)CI]

p U
R
A
SH2AK st12ak  dock substrate gyqaa S1124K
I B

identify substrate-catalyst o i
interactions identify preferred enantiomer

dock rac-[Cp*Ir(biot-p-L)Cl]
n U
L
5124/ dock substrate si1i2aK St12AK
— L |

identify preferred diastereomer

S1124/K

L

identify substrate-catalyst
interactions
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To address these questions, a stepwise computational process
was performed. Calculations were first carried out for S112A
and S112K with a single biotinylated catalyst [Cp*Ir(Biot-p-
L)CI] per Sav dimer (Sav,, hereafter: Sav is best described as a
dimer of dimers with two close-lying biotin binding sites) with
either (Ry,)- or (S;)-metal configuration. In a second step, an
additional [Cp*Ir(Biot-p-L)Cl] moiety, either with an (Ry,)- or
an (Sy,)-configuration, was docked in the host dimer model for
both S112A Savy;, and S112K Savy,. At both stages, the
dihydroisoquinoline substrate 1 was docked to identify how the
prochiral substrate may reach a reactive location in the various
ATHases (Scheme 2). The dockings were performed with
allowing full flexibility of the iridium complex. For the S112K
mutant, the lysine was also allowed to freely move using a
library of rotameric states.”® Finally, in order to study the
possible coordination between Lys112 and the iridium atom
upon binding, dockings were performed first using an
pseudoatom type implemented in GOLD and simulating an
electron deficient metal and then optimizing the best energy
complexes using the QM/MM approach ONIOM-
(PBE:AMBER) with an extended basis set and a flexible
binding sphere of out 10 A around the metal center.*

Identification of the Preferred Metal Configuration
for [Cp*Ir(Biot-p-L)CIICS112A Sav. Despite the absence of
density for the Cp* and the CI” of the organometallic cofactor,
the X-ray structure of [ Cp*Ir(Biot-p-L)Cl] C S112A* suggests
the presence of a diastereopure complex, (S;,)-[Cp*Ir(Biot-p-
L)Cl], snuggly embedded within Sav SI112A. Because a
“racemic at iridium” biotinylated cofactor was used for soaking
the Sav crystals, this result implies an enantiodiscrimination by
the protein environment on the metal center. In order to better
ascertain this configurational preference, (R;)- and (S)-
pseudoenantiomers were docked within SI12A Sav,,, (see
the Supporting Information). The lowest energy orientations
for the (S,)- and (R )-moieties were predicted to have good
binding affinities (about 40 scoring units) with a slight
preference for the (S,)-metal over the (Ry)-cofactor (no
more than 1.2 scoring units; see Table 2). However, this
preference may be higher than predicted by the pure scoring
function. Indeed, analysis of the energetic breakdown of both
binding modes shows a clear preference for Sy in absolute
energetic terms AG (about 5 kJ-mol™" as reported in Table S12,

Table 2. Summary of the Docking Results of the
Pseudoenantiomers of [ Cp*Ir(Biot-p-L)Cl] Catalyst in the
S112A and S112K Sav

cofactor RMSD?
host protein conﬁg score” (A)
S112A Sie 44.4 L0
R, 432 2
$112 K Sy 515 L7*
R, 58.6 L4
(81)-[Cp*Ir(Biot-p-L)Cl] C S112A Ste 43.1 13
Ry, 43.9 32
(Ry,)-[Cp*Ir(Biot-p-L)Cl] C S112K Sy 42.5 2.8%
) 44.4 3.0°

“Scores correBS‘?ond to dimensionless ChemScore values as established
in GOLD**** "Root mean square deviations (RMSD) for lowest
energy docking solution vs X-ray structures. For S112K, the RMSD
values are for the experimental binding modes that present the best
structural overlap with conformer A (indicated by A) and with
conformer B (indicated by B).

Supporting Information). Only corrective terms associated with
internal degrees of freedoms penalize this binding mode,
something for which scoring functions are currently not
accurate for organometallic compounds (ie., no relaxation of
the first coordination sphere upon binding).29

The most stable binding modes of the cofactor in the
[Cp*Ir(Biot-p-L)Cl] C S112A structure were superposed with
the X-ray structure.”’ The resulting RMSD is 1.0 and 2.0 A for
Sy and Ry, respectively [Figures SI3a (Supporting Information)
and 3a]. Both energetic and RMSD considerations suggest that
the (Sy)-metal center better fits the protein vestibule.

Figure 3. Representation of the lowest-energy orientation obtained for
the docking for the preferred pseudoenantiomers in both the S112A
((Sk)-[Cp*Ir(Biot-p-L)Cl], top) and the S112K mutants ((Ry)-
[Cp*Ir(Biot-p-L)Cl], bottom). Monomers A and B are depicted in
green and blue, respectively. For comparison, the crystallographically
determined position of the cofactors is highlighted as yellow and
orange ghost structures in the S112A and S112K models, respectively
(in the latter case only conformation A is depicted for clarity).

To understand how this complementarity could impact the
enantioselectivity observed experimentally, docking of the
imine 1 substrate was performed on both (R;)- and (S;)-
cofactor-loaded streptavidin. The conformational search was
restrained to a reasonable distance for hydride transfer with all
the remaining degrees of freedom entirely allowed. It is
important to mention that the chloride was substituted by its
corresponding hydride in those calculations, hence leading to
an inversion of the configuration at the metal by virtue of the
Cahn—Ingold—Prelog priorities: (Sy,)-[Cp*Ir(Biot-p-L)Cl] be-
comes (Ry)-[Cp*Ir(Biot-p-L)H]. The best docked structures
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Figure 4. Representation of the models of a fully loaded dimer of the Sav tetramer. Most relevant residues are in stick representation. Monomer A is
depicted in green and monomer B in blue. Top: Mutant S112A with two (Sl,)f[Cp’:’Ir(Biot—p—L)Cl] cofactors (a) or one (8;)- and one (Ry,)-
[Cp*Ir(Biot-p-L)Cl] (b). Bottom: Mutant S112K with two (R,)-[Cp*Ir(Biot-p-L)Cl] cofactors (c) or one (Ry)- and one (S,)-[Cp*Ir(Biot-p-L)Cl]
(d).

for the (Ry)-[Cp*Ir(Biot-p-L)H] C S112A reveals substrate 1
located deep inside the opposite biotin binding cavity (Figure
SI3a, Supporting Information), while the same calculation for
(Si)-[Cp*Ir(Biot-p-L)H] C S112A leads to a highly solvent
exposed prochiral imine 1 with limited interactions with surface
residues of the host protein, a situation unlikely to provide the
highly enantioenriched product 2 (Figure SI3b, Supporting
Information).

Taken together, the docking studies suggest that with a
unique cofactor loaded monomer per dimer of S112A the
reaction proceeds via an (Rp)-[Cp*Ir(Biot-p-L)H] C SI12A
Sav to afford highly enantioenriched (R)-salsolidine 2. These
observations are consistent with the experimental results, thus
giving us confidence to model the [Cp*Ir(Biot-p-L)H] C
S112K ATHase.

Identification of the Preferred Metal Configuration
for [Cp*lr(Biot-p-L)Cl] ¢ S112K Sav. The above method-
ology was applied to analyze the ATHase derived from the
S112K Sav mutant, considering both the (R;)- and (8)-
[Cp*Ir(Biot-p-L)Cl] cofactor configurations. Calculations were
first performed with a coordinatively saturated metal (i.e, no
coordination with amino acid side chains).

For both pseudoenantiomers, the lowest energy binding
modes of the biotinylated catalyst fit well with the
conformation A observed in the X-ray structure (Table 2).

The predicted lowest energy binding modes for the (Sy)- and
(Ry)-[Cp*Ir(Biot-p-L)Cl] cofactors were S1.5 and $8.6 score
units, respectively, thus suggesting that the (R )-pseudoenan-
tiomer is energetically favored (Table 2 and Figure 3b).

As suggested by the X-ray data, we further explored the
ability of Lysl12 to coordinate the iridium metal by
reproducing in silico this phenomenon. To this end, and
because of the need to account for the formation of a
coordination bond, we applied an integrative protocol suited to
simulate interactions between organometallic cofactors and
protein residues, a feature absent from usual protein—ligand
docking approaches.30

A protein—ligand docking with optimized parameters for
treating metals with a vacant coordination site allied with QM/
MM refinements (see the Supporting Information) suggests
that Lys112 can interact only with the cofactor leading to an
(Sy)-configuration upon coordination (resulting from CI~
substitution from (Ry,)-[Cp*Ir(Biot-p-L)Cl]). The QM/MM
simulation confirmed an Ir—Lysl112, contact with an Ir—
N¢ o124 distance of 2.2 A. The calculated RMSD between the
QM/MM-minimized structure and the A conformation in the
S112K X-ray structure is 0.8 A, suggesting that the experimental
orientation is compatible with a coordination of the catalyst by

Lys112, (Figure SI4, Supporting Information).

dx.doi.org/10.1021/ja508258t | J. Am. Chem. Soc. 2014, 136, 15676—15683



Chapter 2: Design and Genetic Optimization of an ATHase

Journal of the American Chemical Society

Interestingly, the dockings with and without direct
interaction between N(p 154 and the metal led to nearly
overlapping orientations (RMSD 0.7 A). This suggests that the
coordination of the lysine to the metal is not determinant in
fixing the orientation of the cofactor within the binding site but
likely that an equilibrium exists in solution between bound and
unbound iridium center. At this stage, however, none of the
docking solutions led to the alternative conformation B of the
cofactor as identified in the X-ray structure.

To decipher the influence of the absolute metal configuration
of the cofactor in determining the catalytic environment, the
dihydroisoquinoline 1 was docked on both (Ry)- and (Sy)-
[Cp*Ir(Biot-p-L)H] C S112K ATHases (Figure SI3cd,
Supporting Information). The results show that the substrate
is challenged to reach the hydride only in the (Ry)-
[Cp*Ir(BiotvpL)H] configuration (Figure SI3c, Supporting
Information). We thus hypothesize that the (S,)-[Cp*Ir(Biot-
p-L)H] C S112K is the preferred metal configuration, both in
terms of stability and activity. However, protein—ligand
dockings are not accurate enough to predict the enantioprefer-
ence for the reduction process. Simulations involving quantum
mechanical based techniques and a wide exploration of the
precatalytic state of the enzyme would be needed for this
purpose.

Taken together, this first part of the computational analysis
of the ATHases suggests that S112K and S112A mutants
stabilize different pseudoenantiomers of the embedded catalyst.
This in turn offers different second coordination sphere
environments for the approach of the substrate 1. For the
homogeneous transfer-hydrogenation catalyst pioneered by
Noyori and co-workers, the critical role of the chirality at the
metal is well-documented:*"** the enantiopure aminosulfona-
mide ligand enforces one configuration at the metal that, in
turn, dictates which prochiral face of the substrate can approach
the hydride to afford the preferred enantiomer of the product.
In the present case, we hypothesize that the host protein
influences the enantiodiscriminating step in a similar way:
incorporation of a configurationally labile piano stool moiety™*
[Cp*Ir(Biot-p-L)Cl] within the host protein favors one
configuration at the metal: (S;)-[Cp*Ir(Biot-p-L)Cl] C
S112A and (Ry)-[Cp*Ir(Biot-p-L)Cl] C S112K. This by and
large dictates which enantiomer of salsolidine 2 is produced.
Additional interactions between the substrate and the host
protein contribute to fine-tune the enantioselectivity, eventually
leading to salsolidine 2 in up to 96% ee R and 78% ee S for
S112A and S112K ATHases, respectively.

Structural Consequences of Increasing the Ir/Sav
Ratio in [Cp*Ir(Biot-p-L)CI] C S112A and S112K. Addi-
tional docking simulations were performed on (8y)-[Cp*Ir-
(Biot-p-L)Cl] C S112A to identify how a second cofactor may
affect the structure and the corresponding activity of the fully
loaded Savy/, (which in turn helps rationalize the mechanism of
the fully loaded tetrameric Sav). Both the (S;)- and the (Ry)-
cofactors were docked in the second pocket of Sav,,, (Figure
4a,b). The small difference in scores (Table 2) shows that there
is no significant chiral discrimination for the binding of the
second cofactor. Inspection of the structure reveals that for the
(S1,S;,)-system, both chlorides point toward each other with a
short C1—Cl distance (3.8 A) (Figure 4a). In this configuration,
there is little space for the dihydroisoquinoline 1 to approach
the catalyst. Therefore, it is expected that the fully loaded
(S Se)-[Cp*Ir(Biot-p-L)Cl], € SI112A ATHase displays
limited activity (Figure SISa, Supporting Information). In
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stark contrast, in the (Sy,Ry)-[Cp*Ir(Biot-p-L)Cl], C S1124,
the (Ry,)-cofactor better fits into the adjacent cavity offering its
chloride face accessible for the substrate. However, the Cp*
ligand of this same catalyst impedes the access of the substrate
1 to the hydride of the adjacent (S;,)-enantiomer, thus eroding
the activity rate of the Sav,, [Figures 4b and SISb (Supporting
Information)].

Protein—ligand dockings were also performed with (S;,)- and
(Ry)-metal cofactors on the (Ry)-[Cp*Ir(Biot-p-L)Cl] C
S112K model. Although little energy differences were observed
(Table 2), structural differences were substantial (Figure 4c).
The (Ry,Ry,)-[Cp*Ir(Biot-p-L)Cl], C S112K hybrid presented
both chlorides facing the Lys112 of the same monomer where
the biotinylated cofactor is bound, whereas in the Ry,S;
combination the docked (Sy)-cofactor has its chloride facing
the interface of the two monomers (Figure 4d). Docking
calculations with the dihydroisoquinoline 1 substrate in both
hybrids revealed that in the Ry, Ry, case, each monomer is active
and behaves independently with no interaction between the
adjacent cofactors (Figure SISc, Supporting Information), while
in the RS, model, only the (R)-cofactor embedded
monomer should be catalytically active, as the substrate is
challenged to reach the (Sy,)-cofactor (Figure SISd, Supporting
Information). Therefore, only the (Rp,Rp)-[Cp*Ir(Biot-p-
L)Cl], € S112K model is consistent with the experimental
data gathered for the S112K ATHase, where a nearly constant
rate irrespective of the number of Ir equivalents (Table 1) is
observed. Those results are essentially unaltered when
considering the possibility of Lys112 to coordinate to the
iridium center. Those calculations actually predict that two
homogeneous catalysts could bind the same Sav,;, dimer, each
one of them interacting with a different Lys112. We
hypothesize that the Ir—lysine interactions might favor the
rapid epimerization of the piano stool moiety during the
catalytic cycle. More insight on the regeneration of the catalyst
through the use of formic acid would be needed and should
answer whether this contact has a role in the catalytic cycle or it
is just an artifact created by the crystallization conditions.

Interestingly, in most calculations of the (Ry,Rp)-[Cp*Ir-
(Biot-p-L)Cl], C S112K model with or without the metal
coordinated by Lysl12, low-energy solutions present the
second cofactor in a binding mode closer to orientation B,
with some of them reaching an RSMD < 1 A. Since this binding
mode is absent in the simulations performed for the binding of
the first cofactor, these results suggest that a B-like
conformation could be stabilized when the adjacent monomer
is loaded. This suggests that the two monomers of a fully
loaded dimer present a mixture of A and B-like orientations and
have different second coordination sphere environments for the
metal. Simulations to reproduce two cofactors with an
orientation B as it stands in the X-ray structure lead to no
enantiopreference for the metal center by the protein scaffold
[both (R;,)- and (S,)-enantiomers of the cofactors have similar
binding energies]. In the resulting orientations, the chloride is
systematically exposed to the solvent and neither the chirality of
the metal nor the contacts of the protein in its second
coordination sphere can help rationalize the enantioselectivity
observed experimentally.

For both cofactors, the respective protein environment
surrounding the substrate docked in the (Ry,R;)-[Cp*Ir(Biot-
p-L)Cl], C S112K hybrid are slightly different, and in both
cases, the prochiral imine is exposed to the solvent. This
suggests that the enantioselection is by and large dictated by
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the chirality at the metal rather than second coordination
sphere interactions between the prochiral imine and the
protein. This contrasts with (S;)-[Cp*Ir(Biot-p-L)Cl] C
S112A, where the substrate 1 is surrounded by a protein
cavity, thus contributing to fine-tune the enantioselectivity (up

to 96% ee)

B CONCLUSION AND OUTLOOK

Combining structural and kinetic data with the docking
simulations, the following mechanistic insights can be inferred

for the ATHases (Table 3).

Table 3. Phenomenological Rationalization of the Rate and
Enantioselectivity of ATHase as a Function of Ir/Sav Ratio
and Mutant”

S112A S112K
ee ee
Equivalents of cofactor Equivalents of cofactor
Rate Rate
2
Ay Max Max
Max Max
2
&
Max. Max.
Max. Max
©
@
} g Max.
Max.
Max.
Decreases
- 2
A\
Decreases Max.
Decreases Max.
7))
< 1

“Blue, red, and violet cofactors symbolize (S,)-[Cp*Ir(Biot-p-L)Cl],
(Ry)-[Cp*Tr(Biot-p-L)Cl], and (rac)-[Cp*Ir(Biot-p-L)Cl], respec-
tively.

1. [Cp*Ir(Biot-p-L)CI] C S112A. (i) The first cofactor
binds with an (S;,)-configuration of the metal (Figure 3a). In
this situation the system reaches its maximum rate and highest
enantioselectivity (Table 1, entry 2). Relying on a QM/MM
study, we recently analyzed the subtle details of enantiose-
lection for this system, highlighting the critical involvement of
Lys121 in stabilizing the substrate via cation—m interactions.™

(ii) On the basis of the above docking studies, we anticipate
that the second cofactor binds to the opposite dimer of the
tetrameric streptavidin, thus minimizing clashes between the

two cofactors. In this situation, we predict a combination of two
(S1,)-[Cp*Ir(Biot-p-L)Cl] € S112A dimeric units forming an
ATHase operating at the same rate (vs [Ir]) and yielding
similar enantioselectivities (Table 3). This prediction is largely
verified experimentally (Table 1, entry 3).

(i) No enantiopreference is predicted for the binding of a
third cofactor within Sav S112A (Figure 4a,b). Due to close
contacts between the adjacent catalysts, the substrate is
challenged to reach the hydride in the (S,S)-Sav,;; and
only in the (8;,R;,)-hybrids it could reach the (Ry,)-cofactor in a
solvent-exposed way. In this situation the performance of the
ATHase should be negatively affected and the observed activity
and selectivity for [Cp*Ir(Biot-p-L)Cl]; C S112A can thus be
generally traced back to the singly occupied Sav,;, (Table L,
entry 4).

(iv) As in point iii, fully loading the four biotin binding sites
leads to [Cp*Ir(Biot-p-L)Cl], C S112A with significantly
eroded rate and selectivity (Table 1, entry 3).

2. [Cp*Ir(Biot-p-L)CI] c S112K. The docking studies
performed on the S112K ATHase suggest that the first and
second catalysts bound to the homotetrameric Sav are in an
(Ry)-configuration (Figure 4c). Importantly and in stark
contrast to the SI112A ATHase, all four biotin-binding sites
can accommodate an (Ry)-[Cp*Ir(Biot-p-L)Cl] cofactor. In
this situation, each catalytic event is by and large confined
within one monomer and thus little affected by the Sav:Ir ratio.
However, the substrate 1 is highly solvent exposed with limited
contacts with the protein environment. A nearly constant rate
(vs [Ir]) and enantioselectivity are thus predicted, irrespective
of the Ir/Sav ratio. These predictions are largely corroborated
experimentally (Table 1, entries 5—9). The localization the
cofactor is close enough to Lysl12 so that this residue can
interact with the metal. However, the absence of clear density
and the relatively little impact of this coordination on the
geometry of the system suggest a transient structure that
rapidly converts to catalytically competent systems.

Considering that the ATHases derived from S112A and
S112K mutants afford opposite enantiomers, we suggest that it
is the absolute configuration at Ir which for the most part
determines the preferred enantiomer of the reduction product.
This situation may be viewed as an “induced lock-and-key” fit,
whereby the second coordination sphere provided by the Sav
mutant induces an enantiopure conﬁguration at the metal
center which, in turn, governs to which prochiral face of the
substrate the hydride is delivered. Subtle substrate—protein
interactions further contribute to fine-tune the enantioselectiv-
ity.

It is gratifying that, despite the qualitative nature of the
docking simulations, the kinetic and structural data all in all
corroborate the predictions. Current efforts are aimed at
producing a heterotetrameric Sav with only two functional
biotin-binding sites and engineering additional weak inter-
actions between the substrate and the host protein.

B ASSOCIATED CONTENT

© Supporting Information

Material and methods for kinetics measurements and
crystallography protocol and resolution, as well as details on
the molecular modeling tools and procedure followed; Tables
SII and SI2 for X-ray data collection and extended docking
analysis, respectively; and figures associated with HABA
displacement titration (Figure SI1), binding site comparison
between cofactor-loaded Sav mutants S112A and S112K
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(Figure SI2), docking solutions of [Cp*Ir(Biot-p-L)H]
interacting with substrate for Sav,, mutants (Figure SI3),
depiction of the doubly occupied S112K Sav,,, ATHase
(Figure SI4) with the Lys112 coordinated to the metal center
and representation of the models of a fully loaded dimer of the
Sav tetramer (Figure SIS). This material is available free of
charge via the Internet at http://pubs.acs.org.
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Materials and Methods
Michaelis Menten Kinetics General Considerations

6,7-dimethoxy-1-methyl-3.4-dihydroisoquinoline 1 was purchased from Acros and used as received. Streptavidin (Sav)
mutants were produced. purified and characterized as previously described.' The Sav used in this work and on which all
variants were based is the T7-tagged core Sav described by Gallizia et al.* (referred to as WT Sav). For a detailed
synthesis of [Cp*Ir(Biot-p-L)C1]. see reference.” HPLC measurements were performed on Agilent instruments equipped
with modules from the 1100 and 1200 series and diode array detectors.

Stock solutions and buffers MOPS/formate buffer

5.0225 g of 3-(N-morpholino)propanesulfonic acid (MOPS) and 8.1612 g of sodium formate were dissolved in 40 ml

water and the pH was adjusted by addition of NaOH (final concentration: 0.6 M MOPS, 3 M formate).
[Cp*Ir(Biot-p-L)C)]

[Cp*Ir(biot-p-L)Cl)] was dissolved in degassed DMF to a final concentration of 10, 20, 30, or 40 mM, respectively. These
solutions were stored under nitrogen at 4 °C and used within 5 days.

Substrate

6,7-dimethoxy-1-methyl-3.4-dihydroisoquinoline 1 (410.5 mg), MOPS (251.12 mg) and sodium formate (408.1 mg) were
dissolved m 2 ml water in a volumetric flask and the pH was adjusted by addition of concentrated sulfuric acid (final
concentrations: 1 M 6,7-dimethoxy-1-methyl-3.4-dihydroisoquinoline 1, 0.6 M MOPS, 3 M formate).

ATHase

Sav mutants were weighted into 2 mL PP-tubes and dissolved in the MOPS/formate buffer to a concentration of 200 mM
streptavidin free biotin binding sites (the average of free binding sites per Sav tetramer was determined with a biotin-4-
fluorescein assay).* An appropriate volume of the corresponding [Cp*Ir(Biot-p-L)C1)] stock solution was added (5 uL/ml)
in order to adjust the desired [Ir]/Sav biotin binding sites ratio and the mixture was vigorously vortexed.

General procedure

For an individual kinetic measurement at a particular substrate concentration, 100 ul of the ATHase stock solution was
added to a glass tube equipped with a mechanical stirrer and MOPS/formate buffer was added to adjust the final volume
of 200 pL (between 0-95 pL). The reaction was initiated by adding an appropriate volume of the substrate stock solution
(between 5-100 ul) and the mixture was stirred at 25 °C (final concentrations: 99.5 uM Sav biotin binding sites, between
24.88 and 99.5 uM [Cp*Ir(biot-p-L)CI)]). Aliquots of 50 ul were collected at 15, 30 and 45 minutes and were added to
PP-tubes containing 40 ul of a freshly prepared glutathione solution (250 mM) which was found to be an effective
mhibitor of the catalyst. Water (300 ul) was added and 200 ul of the resulting solution was further diluted with water (500
ul) before analysis by RP-HPLC using an Eclipse XDB-C18 column (5 pm, 4.6 * 150 mm, Agilent); solvent A: H,O with
0.1 % TFA. solvent B: MeOH with 0.1 % TFA: 87.5 % B at 0 min, 87.5 % B at 20 mun, 60 % B at 21.5 min. 60 % B at
23.5 muin, 12.5 % B at 25 min, 12.5 % B at 30 min: 1 ml/min; 25 °C, 280 nm; Ty 12.3 min (6,7-dimethoxy-1-methyl-
1,2.3.4-tetrahydroisoquinoline), 16.4 min (6,7-dimethoxy-1-methyl-3.4-dihydroisoquinoline).

For a given Sav mutant at a given [Ir]/Sav biotin binding sites ratio, the kinetic measurements using different substrate
concentrations (between 25 and 500 mM) were performed simultaneously by starting the reactions staggered every
minute. All measurements were performed in triplicate.

Product concentrations were determined under consideration of the response factor and plotted against the corresponding
reaction times (see above). Initial rates at a given initial substrate concentration were obtained by linear regression of the
resulting data points. The average value of these rates was plotted as a function of the substrate concentration. The
apparent Michaelis-Menten parameters V.., K, and K, were obtained applying nonlinear regression (least squares
method) using GraphPad Prism 5.0® corresponding to the Michaelis-Menten equation’ or to Haldane’s equation for
substrate inhibition.

Determination of the enantioselectivity

For a given Sav mutant at a given [Ir]:Sav biotin binding sites ratio, reactions were set up as described above at a
particular substrate concentration and run for 7 hours at 25 °C before water was added (500 ul) followed by 50 pl of a
20% NaOH solution. The mixture was extracted two times with dichloromethane (1 ml), the combined organic fractions
dried over anhydrous sodium sulfate, filtered and analysed by chiral HPLC using a Chiralpak IC column (5 “m, 4.6 mm -
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25 mm) and dichloromethane containing 1 % isopropanol and 0.06 % diethylamine as an eluent; 1 ml/min; 25 °C, 280 nm,
Ty 8.6 min ((S)- 6,7-dimethoxy-1-methyl-1,2,3 4-tetrahydroisoquinoline 2), 9.5 min (06,7-dimethoxy-1-methyl-3.4-
dihydroisoquinoline 1), 15.6 ((R)-6,7-dimethoxy-1-methyl-1,2.3 4-tetrahydroisoquinoline 2, referred to as salsolidine).

HABA Displacement titration for the estimation of the K, of [Cp*Ir(biot-p-L)CI]’

Sav-mutants were dissolved in phosphate buffer (20 mM. pH 7) to a tetrameric concentration of 8 pM. The solution was
added to a quartz cuvette (2.4 ml) and treated with 0.3 ml of a 2-(4-hydroxyphenylazo)benzoic acid solution (HABA, 9.6
mM in phosphate buffer pH 7). To this mixture was added stepwise 5 uL of either a biotin solution (0.96 mM in
phosphate buffer) or 1.7 ul of a [Cp*Ir(biot-p-L)Cl] solution (2.9 mM in DMF), corresponding to 0.25 equivalents vs. Sav
tetramer. The solution was mixed at each step by means of pipetting up and down. After 5 minutes, the absorbance at 506
nm was measured.
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Figure SI1 HABA-displacement titration assay by [Cp~*Ir(biot-p-L)Cl] (A, blue triangles) and biotin (M, red
squares) in the presence of Sav S112 A a) and Sav S112K b). The linear decrease (dotted line) of the absorbance at
Amex 506 nm (caused by the quantitative displacement of HABA < Sav by J(‘p*h‘(bim-p-L)C 11) precludes the
determination of a precise dissociation constant but sets a lower limit at K, > 10° M, The molecular weight of Sav was
adjusted to take into consideration the presence of residual salts. *
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2.2.4 Appendix

The crystal structure of [(n’-Cp*)Ir(biot-p-L)CI]=S112A revealed that the absolute configuration of Ir is
(S) which yields (R)-[(n’-Cp*)Ir(biot-p-L)H] upon reaction with formate. Based on this finding, a non-
concerted mechanism was suggested for the hydride transfer whereby a CH-m interaction between Cp* and
the aromatic moiety of the substrate is operating (see section 2.2.2). In addition, it was hypothesized that
the lysine-residue K121 of an adjacent monomer may be involved in the protonation of the imine nitrogen.
Further experiments were performed to examine if this lysine residue serves as a proton-donor, namely the
determination of the pK,-value of the imine substrate and kinetic studies of the double-mutant S112A-

K121T in which the critical lysine residue is replaced by threonine.

2.2.4.1 pK, of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline
The behavior of cyclic imines in aqueous solution may be described by three equilibrium constants: a
hydrolysis constant Ky which describes the hydrolysis of the C=N bond and two acid-base equilibrium

constants which describe the protonation of either the imine (K;) or the open-chain amino ketone (K2)*':

MeO KH MeO NH3
+ + HO
MeO “ " H MeO ©

K1
MeO MeO NH,
N * H* + HY
= O
MeO MeO

Figure 2.7 Possible equilibria of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline in water.
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The titration of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline with HCl resulted in a typical sigmoidal
titration curve with a corresponding pK. of approximately 8.5, indicating the existence of a single
equilibrium. Two dimensional NMR-experiments (HMBC) performed in water indicate that the imine
substrate exists exclusively in its ring-closed form under acidic (pH 2.5) as well as basic (pH 11.5)
conditions (see experimental part). This somehow unexpected result may be explained by an unfavorable
loss of entropy upon hydrolysis. The chemical shifts obtained for selected 'H and '*C signals at different
pH-values between 3 and 11 allowed to locate the pK.1 within a range of 8.5-9 which is in good agreement

with the value obtained from the titration (see experimental part).

2.2.4.2 Michaelis-Menten Kinetics of [(n’-Cp*)Ir(biot-p-L)H=S1124-K121T

If the lysine residue K121A of the adjacent Sav-monomer would act as a proton donor in the transfer
hydrogenation process of [(n’-Cp*)Ir(biot-p-L)H]=S112A, one would assume that replacing this residue
by another polar amino acid downgrades the performance of the resulting double mutant. Indeed, [(n°-
Cp™)Ir(biot-p-L)H]cS112A-K121T showed an erosion of enantioselectivity compared to the S112A-
counterpart (see section 2.2.2). To find out if the double mutant as well displays a lower activity towards
the transfer hydrogenation of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline, the Michaelis-Menten
kinetics of this ATHase isoform was determined (see section 2.2.3 for a detailed experimental procedure).
As observed for the S112A-ATHase, the activity of the metal cofactor within the double mutant decreases
when raising the molar ratio [Ir]/Sav-tetramer from. Comparison of the kinetic profiles of [(1>-Cp*)Ir(biot-
p-L)H] within the two variants did not show a significant difference in activity as similar ke.-values were

observed (ke = 14.1 and 11.4 min™ in case of S112A vs. ke = 11.5 and 9.7 min! in case of S112A-K121T).
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S112A-K121T S112A

rate [min™]
rate [min"']
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Figure 2.8 Michaelis-Menten plots of [(1>-Cp*)Ir(biot-p-L)H]cSav-S112A-K121T (left) and [(n>-Cp*)Ir(biot-p-
L)H]cSav-S112A (right, see section 2.2.2) for the transfer hydrogenation of 6,7-dimethoxy-1-methyl-3,4-
dihydroisoquinoline. The color scheme represents kinetic profiles at different molar ratios of the Ir-complex versus
free Sav biotin binding sites: blue trace 0.25 eq [Ir], red trace 0.5 eq [Ir]. Initial rates were plotted with respect to the
concentration of the Ir-complex. The concentration of Sav free biotin binding sites was 100 puM.

In conclusion, these results on one hand support that an ionic, non-concerted mechanism is operative in the
transfer hydrogenation of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline catalyzed by [(n>-Cp*)Ir(biot-
p-L)CI]cS112A as the imine nitrogen seems to be protonated under the experimental conditions (typically
pH 6.5-7.5). Both the activity and selectivity of the S112A-ATHase decrease significantly above pH 8 (see
experimental part). This behavior is not necessarily explained by a decreased fraction of the protonated
imine as other processes such as deprotonation of amino acid residues of Sav may have an influence on the
performance of the hybrid catalyst.

The functional role of lysine 121K could not be confirmed as its absence does not decrease the reaction rate
with respect to the S112A-K121T isoform. However, when comparing the two ATHase variants it has to
be considered that additional beneficial effects (e.g. structural changes) may have an impact on the activity
of the double mutant ATHase which counterbalance the possible reduced activity caused by the absence of

the lysine residue.
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2.3 Conclusions and Outlook

The substrate scope of artificial transfer hydrogenanses based on the biotin-(strept)avidin technology could
successfully be expanded from the reduction of ketones to cylic imines. The introduction of a biotinylated
iridium pianostool complex [(n’>-Cp*)Ir(Biot-p-L)CI] within streptavidin affords an artificial imine
reductase which was optimized by saturation mutagenesis at position 112. Thereby, both enantiomers of
the corresponding imine are accessible using the same organometallic moiety, affording 96% ee in favor of
the (R)-enantiomer in case of [(n>-Cp*)Ir(Biot-p-L)CI]cS112A and 78% ee in case of [(n°-Cp*)Ir(Biot-p-
L)Cl]c=S112K for the production of salsolidine.

Although the observed Michaelis-Menten behavior may rely on a simplified mechanistic model, the
obtained kinetic parameters in combination with structural data and docking studies allowed to establish a
qualitative model of the mode of action of these hybrid catalysts. Nevertheless, the role of the formate
concentration should be investigated in prospective kinetic studies.

The high robustness and activity of the ATHases (up to 4000 TON could be achieved) renders them to ideal
candidates for laboratory evolution protocols. This procedure eventually may allow to further optimize

ATHases in order to identify catalysts for the enantioselective reduction of more challenging substrates.

79



80

Chapter 2: Design and Genetic Optimization of an ATHase

2.4 References

1.a) Meerwein, H.; Schmidt, R. Justus Liebigs Annalen der Chemie 1925, 444,221.b) Verley, A. Bull. Soc. Chim. Fr.
1925, 37, 537. ¢) Ponndorf, W. Angew. Chem. 1926, 39, 138.

2) Descottes, G.; Sinou, D. Tetrahedron Lett. 1976, 45, 4083.

3) Reetz, M. T.; Li, X. J. Am. Chem. Soc. 2006, 128, 1044.

4) Baratta, W.; Benedetti, F.; Del Zotto, A.; Fanfoni, L.; Felluga, F.; Magnolia, S.; Putignano, E.; Rigo, P.
Organometallics 2010, 29, 3563.

5) Nordin, S. J. M.; Roth, P.; Tarnai, T.; Alonso, D. A.; Brandt, P.; Andersson, P. G. Chem. Eur. J. 2001, 7, 1431.

6) Takehara, J.; Hashiguchi, S.; Fujii, A.; Inoue, S.; Ikariya, T.; Noyori, R. J. Chem. Soc., Chem. Commun. 1996, 233.
7) Hashiguchi, S.; Fujii, A.; Takehara, J.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1995, 117, 7562.

8.a) Mashima, K.; Abe, T.; Tani, K. Chemistry Lett. 1998, 1199. b) Mashima, K.; Abe, T.; Tani, K. Chemistry Lett.
1998, 1201.

9) Noyori, R.; Hashiguchi, S. Acc. Chem. Res. 1997, 30, 97.

10) Matsumura, K.; Hashiguchi, S.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1997, 119, 8738

11.a) Haack, K.J.; Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, R. Angew. Chem. Int. Ed. Engl. 1997, 36, 285. b)
Yamakawa, M.; Ito, H.; Noyori, R. J. Am. Chem. Soc. 2000, 122, 1466. c) Alonso, D.A.; Brandt, P.; Nordin, S.J.M.;
Andersson, P.G. J. Am. Chem. Soc. 1999, 121, 9580.

12) Soni, R.; Cheung, F K.; Clarkson, G.C.; Martins, J.E.D.; Grahamband, M. A.; Wills, M. Org. Biomol. Chem., 2011,
9, 3290.

13) Yamakawa, M.; Yamada, I.; Noyori, R. Angew. Chem. Int. Ed. 2001, 40, 2818.

14) Dub, P.A.; Ikariya, T. J. Am. Chem. Soc. 2013, 135, 2604.

15) Uematsu, N.; Fujii, A.; Hashiguchi, S.; Ikariya, T.; Noyori, R. J. Am. Chem. Soc. 1996, 118, 4916.

16) Aberg, J.B.; Samec, J.S.M.; Backvall, J.E. Chem. Commun. 2006, 2771.

17) Blackmond, D.G.; Ropic, M.; Stefinovic, M. Organic Process Research & Development 2006, 10, 457.



Chapter 2: Design and Genetic Optimization of an ATHase = 81

18) Martins, J.E.D.; Clarkson, G.J.; Wills, M. Org. Lett. 2009, 11, 847.

19.a) Casey, C.P.; Singer, S.W.; Powell, D.R.; Hayashi, R.K.; Kavana, M. J. Am. Chem. Soc. 2001, 123, 1090. b)
Casey, C.P.; Clark, T.B.; Guzei, L.A. J. Am. Chem. Soc. 2007, 129, 11821.

20.a) Samec, J.S.M.; Ell, A.H.E.; Béackvall, J.E. Chem. Commun. 2004, 2748. b) Ell, A.H.E.; Johnson, Bickvall, J.E.
Chem. Commun. 2003, 1652.

21.a) Canivet, J.; Siiss-Fink, G. Green Chem. 2007, 9, 391. b) Li, L.; Wu, J.; Wang, F.; Liao, J.; Zhang, H.; Lian, C.;
Zhu, J.; Deng, J. Green Chem. 2007, 9, 23. ¢c) Romain, C.; Gaillard, S.; Elmkaddem, M.K.; Toupet, L. Fischmeister,
C.; Thomas, C.M.; Renaud, J.L. Organometallics 2010, 29, 1992.

22) Wu, X.; Li, X.; King, F.; Xiao, J. Angew. Chem. Int. Ed. 2005, 44, 3407.

23.a) Wu, X.; Li, X.; Zanotti-Gerosa, A.; Pettman, A.; Liu, J.; Mills, A.J.; Xiao, J. Chem. Eur. J. 2008, 14,2209.

24) Wang, C.; Li, C.; Wu, X.; Pettman, A.; and Xiao, J. Angew. Chem. Int. Ed. 2009, 48, 6524.

25) Abura, T.; Ogo, S.; Watanabe, Y.; Fukuzumi, S. J. Am. Chem. Soc. 2003, 125, 4149.

26) Letondor, C.; Pordea, A.; Humbert, N.; Ivanova, A.; Mazurek, S.; Novic, M.; Ward, T.R. J. Am. Chem. Soc. 2006,
128, 8320.

27) Creus, M.; Pordea, A.; Rossel, T.; Sardo, A.; Letondor, C.; Ivanova, A.; LeTrong, I.; Stenkamp, R.E.; Ward, T.R.
Angew. Chem. Int. Ed. 2008, 47, 1400.

28) Michaelis, L.; Menten, M.L. Biochem Z 1913, 49, 333.

29) Briggs, G.E.; Haldane, J.B.S. Biochem J 1925, 19, 338.

30) Koike, T.; Ikariya, T. Adv. Synth. Catal. 2004, 346, 37.

31) Zoltewicz, J.A.; Bloom, L.B.; Kem, W.R. J. Org. Chem. 1989, 54, 4462.






Chapter 3: Towards in vivo Transition Metal Catalysis

Chapter 3: Towards in vivo Transition Metal Catalysis and its
Potential Applications for the Directed Evolution of Artificial
Metalloenzymes

3.1 Introduction

3.1.1 Principles of Directed Evolution

The outstanding catalytic properties of enzymes result from natural selection which is the "driving force"
of evolution. The introduction of mutations may lead to improved or even new catalytic functions which
will survive if the related enzyme provides a beneficial feature to the host organism with respect to its
adaptability to a particular environment ("survival of the fittest"). Evolution of life therefore can be seen as
a random "trial-and-failure" process which selects for the fittest. In contrast, laboratory evolution protocols
have a defined goal in order to improve certain properties of an enzyme such as its stability (e.g. towards
the presence of organic solvents), activity and selectivity (e.g. towards non-native substrates).! Apart from
this important difference, directed evolution protocols mimic Darwinian evolutionary processes by
performing iterative cycles of mutagenesis and identifying mutants with desired properties. A typical
experimental cycle of directed evolution is given in Figure 3.1. Starting point is an enzyme with a desired
activity that is wished to be increased or modified. In a first step, sequence diversity is created by
mutagenesis of the corresponding DNA sequence. Given the 20 standard proteinogenic amino acids, a

protein with an average number of 250 residues gives rise to 20%*° possible combinations. Even if only a
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small part of the resulting proteins is functional, a great variety of structures and functionalities can be
obtained.” Mutations can either be introduced at certain positions in the primary structure using site-directed
mutagenesis (e.g. to replace amino acid residues close to the active site) or throughout the entire gene using
random mutagenesis (e.g. by error-prone mutagenesis).® Additional diversity may be generated by
techniques which recombines homologues DNA fragments to generate new genes such as DNA shuffling*
or RACHITT (random chimeragenesis on transient templates).’ After the mutated genes have been cloned
into an expression vector and transformed into a suitable host bacterium, the activity of the expressed
enzyme variants is determined either by high-throughput screening (HTS)® or selection.” The advantage of
screening is that the enzymatic reaction can eventually be detected directly in the cell cultures or on agar
plates. The simplest approach in this context includes visual screens in which the enzymatic reaction
generates a product of a different color from the starting material (e.g p-nitrophenyl derivatives to monitor
hydrolase activity).® In cases where no chromogenic substarte is available for a particular enzyme, other
methods such as high performance liquid chromatography (HPLC),’ nuclear magnetic resonance (NMR),'°
mass spectromerty (MS),!! gas chromatography (GC),'? circular dichroism (CD)" or fluorescence assisted
cell sorting (FACS)' etc. have been applied for HTS purposes. However, the major drawback of screening
is that each individual clone has to be tested for a desired enzymatic transformation, including those which
do not provide a functional biocatalyst. In contrast, selection uncovers only mutants of interest. The
principle relies on the circumstance that bacteria experience an advantage in survival if a particular
catalyzed transformation produces an essential nutrient that the corresponding cell strain cannot produce
itself (auxotrophy)' or degrades a toxic compound.'*'® Growth of single bacterial clones in a medium
containing a corresponding precursor or a toxin thus indicates the expression of a highly active enzyme
variant ("chemical complementation"). If a given enzymatic reaction allows to apply a selection
mechanism, it is usually the method of choise as up to 10'* mutants can be analysed whereas screening
limits the size of the library to about 10* variants.!” Independently of which methododology is used, the

consistence of the corresponding model substrate should be as similar as possible to the target substrate
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which is desired to convert with the evolved biocatalyst ("you get what you select/screen for").!® Many

laboratory evolution protocolls therefore often do not lead to the desired result.

Nevertheless, directed evolution has a great potential to improve particular features of enzymes without the
need to know their molecular structure and has been applied successfully to increase the thermal stability,
the stability towards organic solvents,?® the oxidative stability,?! the alkaline tolerance,?? and the selectivity

as well as the activity towards non-native substrates.”
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Fig. 3.1. Schematic outline of the directed evolution procedure. Colored dots indicate different mutations.

3.1.2 Directed Evolution of Artificial Metalloenzymes

The artificial metalloenzymes reported so far by various reserach groups generally perform as effectively
as their homogenous counterparts at best. As outlined in chapter 1, the actual potential of these hybrid
catalysts lies in the high tuneability of the respective host protein by means of genetic diversification of the
second coordination sphere. Although considerable improvement has been achieved by rational design (see

chapter 1), directed evolution protocols for artificial metalloenzymes are highly desirable as a much higher
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number of variants can be obtained. This technology was applied successfully to numerous biocatalysts
used in academic laboratories and industry.>* In contrast, to date only one proof-of-principle approaches
have been reported to expand directed evolution to hybrid catalysts.

Reetz and coworkers used a "laboratory evolution protocol" to improve the enantioselectivity of an artificial
hydrogenase based on the biotin-(strept)avidin technology towards the reduction of a-acetamido-acrylic
acid methyl ester.”®> Selected residues in proximity of the active site were randomized specifically in an
iterative manner by applying CAST (combinatorial active site saturation test). The corresponding positions
were identified by modelling the biotinylated Rh(I)-diphosphine complex into the X-ray crystall structure
of streptavidin-biotin and comprise residues close to the metal center which directly influence the
conformation of the metal cofactor-substrate complex as well as more distant amino acids potentially
having an impact on the protein structure as they are involved in hydrogen bondings of secondary elements.
In each saturation mutagenesis experiment about two to three hundred clones were tested in the
hydrogenation, thereby covering >95 % of all possible mutants. Saturation mutagenesis was performed at
positions 110, 112 and 124, leading to the artificial hydrogenase variant Sav-S112G which displays a
slightly improved (R)-enantioselectivity (35% ee) compared to the wild type enzyme (23 % ee). Two further
rounds of saturation mutagenesis resulted in the N49V isoform, providing the hydrogenated product in 65%
ee.

H, (6 bar)
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acetate buffer pH 4

0 10% DMF o
OMe RT _ .
A”JH( )LNJ\[(OMe
H

° o [RhL 0
Ph
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H H Rh(COD)
. N P(Ph),
o

Fig. 3.2. Benchmark reaction for the directed evolution of an artificial hydrogenase reported by Reetz et al.?
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Although the modest selectivity of the final artificial hydrogenase variant is far lower than one would expect
for from such an evolutionary approach, this study is noteworthy as it shows that directed evolution in
principle can be applied to hybrid catalysts and illustrates the challenges that arise by doing so. The poor
result can partially be explained with the fact that only a relatively small library of Sav-isoforms could be
employed which is traced back to the poor expression levels of some mutants. This restricts the the
screening effort as the bacteria cultures become to large to produce thousands of mutants in parallel (e.g. in
microtiter plates). In contrast to natural enzymes, chemical catalysts exhibit lower catalytic activities and
therefore larger amounts of protein is required when performing directed evolution of hybrid catalysts. In
this context it has also to be considered that the amount of protein cannot be determined for each mutant
when generating very large protein libraries and therefore the metal cofactor may be present in an excess
compared to the host. Since in this case the outcome of the catalysis would be biased, it has to be ensured
that the incorporated metal cofactor is significantly more active than the free one (e.g. through a ligand
exchange within the protein scaffold) or that the free metal complex is inactive (e.g. by the presence of an
inhibitory ligand that has no access to the protein-embeded metal). Furthermore, catalysis should ideally be
performed in crude cell extracts or in living cells. This on one hand avoids the time-consuming purification
step of the mutant proteins which significantly expands the size of the library that can be screened. On the
other hand, the use of living cells allows to apply selection to identify high-performance (hybrid) catalysts.
Although not explicitly stated by Reetz and coworkers, it is likely that the Sav-mutants were -at least
partially- purified before being subjected to catalysis. However, performing transition metal catalysis in
living systems is indeed a challenging task as the presence of cellular metabolites significantly reduces the
activity of the corresponding catalysts and therefore may be the major hurdle when evolving artificial

metalloenzymes in a Darwinian approach.?®
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3.2 Towards in vivo Transition Metal Catalysis

3.2.1 Preamble: Comment on Publications

In order to perform directed evolution of artificial transfer hydrogenases or apply organometallic chemistry
in context of synthetic biology, the activity of the corresponding catalyst in presence of cellular environment
has to be ensured. Furthermore, it has to be considered that the catalyst may interact with different cellular
components and therefore displays toxic effects which affect the viability of the cell.

With the aim of performing in vivo transition metal catalysis, two main challenges have been identified.
First, thiols mainly present in the form of glutathione may inactivate the catalyst. Second, the cellular
proteins and metal complexes often suffer from mutual inhibition. This chapter summarizes the efforts to
overcome these challenges and presents two possible selection systems which may be applied in the directed

evolution of artificial transfer hydrogenases.

3.2.1.1 Neutralizing the Detrimental Effect of Glutathione on Precious Metal Catalysts

Glutathione (y-L-Glutamyl-L-cysteinylglycine, GSH) is a one electron donor which among other functions
serves as a scavenger of reactive oxygen species (ROS) whereby it is oxidised to dimeric glutathione
disulfide (GSSG).?” Due to its high cytosolic concentration (up to 17 mM!),?® glutathione is one of the main
source of free thiol groups and therefore may contribute significantly to the poisonning of soft transition
metal catalysts within the cell. Indeed, addition of GSH severely inhibits the catalytic performance of [(n’-
Cp*)Ir(Biot-p-L)CI] as well as the respective hybrid catalysts [(n°-Cp*)Ir(Biot-p-L)C1]JcS112A and [(n’-
Cp*)Ir(Biot-p-L)Cl]cS112K and no activity towards the reduction of 6,7-dimethoxy-1-methyl-3,4-
dihydroisoquinoline was observed. Subsequently, a selection of oxidizing agents and Michael acceptors

known to react with the thiol group of GSH were tested to neutralize the detrimental effect of GSH on the
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precious metal catalyst. This screening was performed using purified Sav in reactions spiked with GSH and
led to the identification of some promising "GSH-neutralizing" reagents. Among these, Diamide (1,1'-
azobis(V, N-dimethylformamide)) proved to be efficient as well in E. coli cell free extracts (cfe) and cell
lysates containg Sav-mutants. Thereby, the presence of Sav turned out to be beneficial for the catalytic
performance of [(n’-Cp*)Ir(Biot-p-L)H], affording up to 110 TON in cfe and 86 TON when cell lysate was

used as a source of Sav. The results are summarized in section 3.2.2.

3.2.1.2 Preventing Mutual Inhibition between Organometallic Catalysts and Cellular Proteins by the Use
of Artificial Metalloenzymes

Mutual inhibition between organometallic catalysts and enzymes is a phenomen which is often observed
when combining these two catalytic systems to establish reaction casacades. This may be traced back to
interactions beween the metal and functional groups of certain amino acids on the surface of proteins.?’
With the aim of performing catalysis in vivo, this challenge was adressed in a biomimetic manner. The
incorporation of [(1°-Cp*)Ir(Biot-p-L)H] within Sav shields the organometallic moiety and thus prevent
inhibitory interactions with natural enzymes. This concept was tested in a benchmark reaction which
combined the artificial transfer hydrogenase with evolved monoamine oxidases (MAO) from Aspergilus
niger to perform concurrent double stereoselective deracemisation of amines. Thereby, the artificial transfer
hydrogenase reduces the imine with moderate (R)-selectivity whereas the minor (S)-amine is converted
back to the imine by the highly selective MAO. After several cycles of this process, the (R)-amine
accumulates up to 99% ee. To prevent deactivation of the Ir-catalyst by hydrogen peroxide generated
through the catalytic action of MAO catalase was added to the reaction to decompose this side product.
This procedure was successfully applied to several substrates, including 1-methyl-3,4-dihydroisoquinoline,
2-cyclohexyl-1-pyrroline and pseudooxynicotine. The corresponding artificial transfer hydrogenase

variants were identified with a screening of Sav-mutants for each substrate. The obtained results indicate
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that the artificial transfer hydrogenase may also be a promising catalyst for the reduction of aliphatic imines
as up to 86% ee was achieved for the reduction of 2-cyclohexyl-1-pyrroline.

A time plot of the concurrent deracemisation of 1-methyl-3,4-dihydroisoquinoline demonstartes that in the
presence of the (R)-selective artificial transfer hydrogenase variant [(1‘|5 -Cp*)Ir(Biot-p-L)CI]cS112T a high
enantomeric excess is more rapidly reached as when the (S)-selective artificial transfer hydrogenase [(1)°-
Cp*)Ir(Biot-p-L)CI]cS112K was used. The saturation kinetics of these artificial transfer hydrogenase
isoforms revealed that [(1]5-Cp*)II’(BiOt—p—L)Cl]CSl12K actually displays a higher ke value than the

S112T counterpart but on the same time has a lower affinity for the substrate as reflected by the higher
Michaelis constant Ky. In addition, the S112T-ATHase was found to be prone to significant substrate
inhibition. This phenomen is also observed with natural enzymes at high subbstrate concentrations and can

be explained with the binding of a second substrate molecule in the active site.

k] kZ
E+S ES——= E+P
k; +
S
Kx
ks
SES E+P+S

S + ES.%

whereby K is the dissociation equilibrium constant 1/Ky for the reaction SES

The kinetic profile of the cascade reaction thus can be explained with a combined effect of these kinetic

parameters and the selectivity of the ATHases.

Encouraged by these results, the ATHase was used within a more complex reaction cascade and combined
with amino acid oxidases. The S112A-ATHase reduces Al-piperidine-2-carboxylic acid generated in situ
from L-lysine by the enzyme L-amino acid oxidase (LAAQO) from snake venom (Crotalus atrox), yielding
L-pipecolic acid with moderate enantioselectivity. The latter could be upgraded by addition of a D-amino

acid oxidase from pig liver which oxidizes the minor D-pipecolic acid to Al-piperidine-2-carboxylic acid.
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Again, addition of catalase prevents the deactivation of the metal cofactor by H,O» produced by both amino
acid oxidases, thus combining the ATHase with three natural enzymes which display complementary and
compatible catalytic properties for the production of L-pipecolic acid.

In all presented casacade reactions herein the presence of Sav is crucial to prevent mutual inhibition between
the organometallic catalyst and the enzymes. The absence of the host protein leads typically to lower
conversions and/or to racemic product. The herein presented strategy thus represents an efficient approach
to overcome the incompatibility of both homogenous and bio-catalysts and moreover may allow to perform

transition metal catalysis in living cells.
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3.2.2 Synthetic Cascades are Enabled by Combining Biocatalysts with Artificial Metalloenzymes

Author contribution: Screening of ATHase isoforms for the reduction of 1-methyl-3,4-dihydroisoquinoline
and 2-cyclohexyl-1-pyrroline, performing the cascade reactions with 1-methyl-3,4-dihydroisoquinoline, 2-
cyclohexyl-1-pyrroline, pseudooxynicotine and lysine (in collaboration with Valentin Kohler), kinetic
measurements with the ATHase isoforms for the transfer hydrogenation of 1-methyl-3.,4-

dihydroisoquinoline.
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Synthetic cascades are enabled by combining
biocatalysts with artificial metalloenzymes

V. Kohler!, Y. M. Wilson', M. Diirrenberger', D. Ghislieri?, E. Churakova3, T. Quinto’, L. Knérr',
D. Haussinger', F. Holimann3*, N. J. Turner?* and T. R. Ward'*

Enzymatic catalysis and homogeneous catalysis offer complementary means to address synthetic challenges, both in
chemistry and in biclogy. Despite its attractiveness, the implementation of concurrent cascade reactions that combine an
organometallic catalyst with an enzyme has proven challenging because of the mutual inactivation of both catalysts. To
address this, we show that incorporation of a d®-piano stool complex within a host protein affords an artificial transfer
hydrogenase (ATHase) that is fully compatible with and complementary to natural enzymes, thus enabling efficient
concurrent tandem catalysis. To illustrate the generality of the approach, the ATHase was combined with various NADH-,
FAD- and haem-dependent enzymes, resulting in orthogonal redox cascades. Up to three enzymes were integrated in the
cascade and combined with the ATHase with a view to achieving (i) a double stereoselective amine deracemization, (ii) a
horseradish peroxidase- led readout of the tr hydrogenase activity towards its genetic optimization, (iii) the
formation of L-pipecolic acud from 1-lysine and (iv) regeneration of NADH to promote a monooxygenase-catalysed

oxyfunctionalization reaction.

pathways in which many enzyme-catalysed processes are
able to function simultaneously, resulting in the production
of a wide range of primary and secondary metabolites within the
cell. In an attempt to construct artificial cells using the principles
of synthetic biology, compartmentalization of cellular processes
will need to be mimicked to allow cascade reactions to take place
in parallel in an efficient manner'®. Whereas enzymes have
evolved in concert and in complex media, and are therefore well
suited for cascade reactions, compatibility problems and mutual
inactivation are often encountered upon combining chemocatalysts
with biocatalysts”. Such incompatibility may be circumvented by
performing cascades in sequential steps or by site-isolation of the
individual catalysts through immobilization, heterogeneous or
biphasic reaction conditions, encapsulation, and so on'"*%,
Recently, we have described one approach to cellular compart-
mentalization in which an Escherichia coli cell was engineered to
simultaneously express an intracellular enzyme (monoamine
oxidase) and also bind palladium nanoparticles in its outer mem-
brane, thereby allowing efficient chemo-enzymatic deracemization
of amines®. Artificial metalloenzymes resulting from the encapsula-
tion of an organometallic catalyst within a protein scaffold have
been shown to combine attractive features of both chemocatalysts
and biocatalysts for single-step transformations®*. In the context
of concurrent cascade reactions, we reasoned that the artificial
cofactor may be effectively shielded by its host protein, thus prevent-
ing the mutual inactivation commonly encountered when combin-
ing an organometallic catalyst with an enzyme (Fig. 1). To test the
validity of the concept, we examined the combination of an artificial
transfer-hydrogenase (ATHase) and an oxidase, a catalase, an
amino-acid oxidase and a monooxygenase (Fig. 2). For this
purpose, we rely on the incorporation of a biotinylated
[Cp*Ir(Biot-p-L)Cl] complex within streptavidin (Sav hereafter) as
ATHase using sodium formate as hydride source (Figs 1 and 2).

( :cllular biochemistry requires the orchestration of metabolic

Results and discussion

Double stereoselective deracemization of amines. In recent years,
evolved monoamine oxidases (MAO-N from Aspergillus niger) have
found widespread applications in the synthesis of enantiopure
amines™*, For this purpose, a highly (S)-selective MAO is combined
with a stoichiometric reducing agent (for example, H;N-BH,)* or
with a heterogeneous reduction catalyst*®. Efforts to combine MAO
with a homogeneous imine reduction catalyst have proven
challenging thus far: indeed, on combining the transfer
hydrogenation catalyst [Cp*Ir(Biot-p-L)Cl] with MAO, we observed
mutual inactivation (Fig. 1). Only modest levels of amine could be
detected starting from the imine, nor could imine be detected in
significant amounts starting from the racemic amine (Table I,
entries 1, 2). These observations suggest that the biocatalyst and
chemocatalyst are incompatible. In the chemo-enzymatic dynamic
kinetic resolution of alcohols and amines, as pioneered by Bickvall,
inactivation may be circumvented by performing the cascade reaction
in an organic solvent’"?. This strategy effectively provides a phase
separation between the hlghly robust and enantioselective enzyme
(for example, CALB) and the organometallic racemization catalyst.

In a biomimetic spirit, we speculated that molecular compart-
mentalization of the organometallic imine reduction catalyst
within a protein scaffold might shield it from the biocatalyst, thus
preventing mutual inactivation. With this goal in mind, we set out
to investigate the potential of cascade reactions in the presence of
ATHase based on the supramolecular incorporation of a catalyti-
cally active [Cp*Ir(biot-p-L)Cl] complex within streptavidin (Figs
1,2). Initially, the individual reaction steps were performed with
a l-red and l-ox (1-methyl-1,2,3,4-tetrahydroisoquinoline and
1-methyl-3,4-dihydroisoquinoline) couple. This led to the identifi-
cation of [Cp*Ir(biot-p-L)Cl]-Sav S112T (59% enantiomeric excess
(ee) (R)-red-1) and [Cp*Ir(biot-p-L)CI]-Sav S112K (46% e.e.
(§)-red-1) as well as MAO-N-9 for the oxidation of (5)-red-1
(Table 1, entries 3 and 4; Supplementary Tables 52,55)%.
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Figure 1| Reaction cascades resulting from combining an ATHase with a
biocatalyst. The organometallic transfer-hydrogenation catalyst [Cp®Ir(biot-
p-L)CI] and biocatalyst suffer from mutual inactivation, thus precluding the
implementation of reaction cascades. Relying on the strength of the biotin-
streptavidin interaction, incorporation of the biotin-bearing complex
[Cp’Ir(biot-p-L)CI] within streptavidin (Sav) affords an ATHase that is fully
compatible with and complementary to a variety of natural enzymes, thus
leading to the development of concurrent orthogonal redox cascades.

On incorporating [Cp*Ir(biot-p-L)CI] in Sav, only modest ATH
activity was observed in the presence of MAO-N-9 (Supplementary
Fig. $21). We speculated that the H,0, produced by MAQ as a side
product may poison the Ir catalyst (Supplementary Table §7)¥.
Upon the addition of a catalase (from bovine liver), quantitative con-
version and 99% e.e. in favour of (R)-1-red was obtained using
0.5 mol% [Cp*Ir(biot-p-L)Cl]-Sav S112T with 0.19 mg MAO/ml.
The orthogonal redox cascade yielded identical results on starting
from the racemic amine (rac-1-red) or from the prochiral imine
(1-0x; Figs 2, 3; Table 1, compare entries 5 and 6). In stark contrast,
only negligible MAO activity could be observed with [Cp*Ir(biot-p-
L)Cl], in the presence or absence of catalase, highlighting the beneficial
effect of the Sav host protein in effectively site-isolating the reductase
and the oxygenase (Table 1, entries 1 and 2; Supplementary Table $6).

We next investigated the influence of the Sav isoform on the rate
of the cascade reaction. For this purpose, a moderately (§)-selective
[Cp*Ir(biot-p-L)Cl]-Sav S112K ATHase was combined with MAO-
N-9. Although the reaction with Sav S112K had a faster initial rate, it
took significantly longer to reach high enantiomeric excess in favour
of the (R)-enantiomer: 93% e.e. after 23 h with S112K versus 99%
e.e. after 8 h with S112T (Fig. 3b; Table 1, entries 6 and 7). The
kinetic profile reflects a combined effect of k_,, Ky, K, and selec-
Vity (K uppy = 54 min ' [£0.2 min "] Ky, = 55 mM [£5 mM])
compared to the (R)-selective ATHase SII2T (K pp = 1.09 min ot
[40.05 min~'], Ky, ppy = 45mM [£04mM] with a K, of
104 mM [+12 mM]) (Fig. 3¢, Supplementary Fig. S19). These
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Figure 2 | Overview of reaction cascades scrutinized in this study. a,
Reduction of prochiral imines with subsequent deracemization of cyclic
amines. b, Sterecinversion of natural nicotine, which leads partially to the
formation of the chiral alcohol 3-red-ol. ¢, Formation of L-pipecolic acid from
t-lysine. d, Hydroxylation of 2-hydroxybiphenyl coupled to an ATHase-
catalysed NADH regeneration process. MAO-N is a monoamine oxidase
variant from A. niger. ATHase is an artificial transfer hydrogenase variant,
formed by incorporation of [Cp*Ir(biot-p-L)CI] into a streptavidin variant.
LAAQ is L-amino acid oxidase from C. atrox. DAAQ is p-amino acid
oxidase from porcine kidney. HbpA is 2-hydroxybiphenyl monooxygenase
from P, azaleica.

data highlight the versatility of the double stereoselective cascade,
with the ATHase and MAO working in concert to expediently
produce the enantiopure amine.

These results demonstrate the following: (i) the MAO determines
the overall enantioselectivity of the reaction; (i) a synergistic effect
for the matched (R)-selective ATHase-(S)-selective MAO-N—catalase
cascade is operative; (iii) the stereoselectivity of ATHase is unaffected
by the presence of both MAO and catalase, as highlighted by the enan-
tioselectivities at the start of the reaction (samples taken after 5 min);
(iv) the presence of a His-tag on the MAO-N-9 does not affect the per-
formance of the ATHase, as judged by the initial rates.

Other amine-imine couples. To investigate the scope of the
concurrent cascade reaction, a secondary amine with purely
aliphatic substituents (rac-2-red) and a tertiary amine (8)-3-red,
as well as their respective oxidation products (2-0x, 3-0x), were
subjected to the above enzyme cascade including ATHase. Before
this, suitable enzymes for the individual reaction steps (reduction
and oxidation) were identified (see Table 1, entries 8 and 9;
Supplementary Tables $3 and $4).
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Table1 | Orthogonal redox cascades combining ATHase with oxidases or oxygenase.

Entry  Substrate Product Sav-mutant  Oxidase/oxygenase Catalase  Conv.* (%) e.e. (%) (abs.config)
1 - MAO-N-9 Yes 36' rac.
ZN NH
1-ox 1-red
2 rac-1-red 1-red - MAQ-N-9 No <1 rac.
3 1-0x 1-red snat - No =99 59 (R)
4 1-ox 1-red SN2K - No >99 46 (S)
5 rac-1-red 1-red SN2t MAO-N-9 Yes =99 =99 (R)
6 1-ox T-red SN2t MADO-N-9 Yes =99 =99 (R)"
7 1-ox 1-red SNz2K MAO-N-9 Yes 98 99 (R)’
8 STI2A - No 84° 86 (R)
N= N
H
2-0x 2-red
9 2-0x 2-red STN2A-KI2IN - No >99° 63 (R)
10 2-0x 2-red SN2A MAO-N-9 Yes 98° 99 (R)
n rac-2-red 2-red SNM2A-K12IN  MAO-N-9 Yes 99° =99 (R)
12 o} SN2A-KIAT - No 76! 79 (R)
MeHN > N =
S | Me =9 |
3-0x N S-red N
13 3-0x OH S112G - No 79" 30 (ND)
MeHN > ‘
3-red-ol =y
14 (S)-3-red 3-red ST2A-K121T  MAO-N-5 Yes 65" =99 (R)
15 NH; O\ - LAAO Yes 20 1(R)
e
H:N COzH n COH
4 5
16 4 5 S12A LAAO Yes 89 29 (5)
17 (S)-4 5 ST2A LAAO Yes 88** 86 (S)
+
DAAO
18 HO HO OH - HbpA No 3 NA
s T
6 7
19 ] 7 ST2A HbpA No =99 NA

The most relevant entries are highlighted in beld. “Conversion determined by HPLC or gas chromatography (GC). 'After 8 h reaction time with 1 mol% ATHase or after 24 h with 0.5 mol%. *After 65 h reaction
time with 1 mol% ATHase. “Conversion determined by response of 2-ox versus 2-red. 'Ratio of 3-red to 3-red-ol = 6.6:1, conversion refers to 3-red only. * Ratio of 3-red to 3-red-ol = 1:22.8, conversion refers to

3-red-ol only. *Additionally ~10% of 3-red-ol were formed. **Determined by 20 NMR. See Methods and Supplementary Information for full experi

In the cascade reaction, the conversion of rac-2-red or 2-ox
into (R)-red-2 was achieved by combining MAO-N-9 with
[Cp*Ir(biot-p-L)Cl]-Sav S112A-K121IN or [Cp*Ir(biot-p-L)Cl]-Sav
SI12A and a catalase to afford (R)-red-2 (ee. of 99% (R),
Table 1, entries 10 and 11). In a preparative deracemization
reaction, nearly quantitative yields of red-2 were isolated in
95% e.e. (R).

In the case of nicotine red-3, we found that mutations on Sav had
a significant influence on product distribution. As reported by
Brandinge et al., the tertiary iminium generated upon oxidation
of the tertiary amine red-3 exists in equilibrium with the keto-
amine ox-3 in aqueous solution®. The relative rate of keto-amine
versus iminium reduction by the ATHase determines the product
distribution 3-red versus 3-red-ol (Table 1, entries 12 and 13).
For the reduction step alone, [Cp*Ir(Biot-p-L)Cl]-Sav S112A-
KI2IT led to the highest e.e. for nicotine red-3 (79% e.e. (R))
with a nicotine red-3 to alcohol red-3-ol ratio of 6.6:1.
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echemistry

details. ND, not determined; NA, not applicable.

For the sterecinversion of (S)-nicotine red-3 using the cascade
reaction, MAO-N-5 was combined with [Cp*Ir(biot-p-L)Cl]-Sav
S112A-K121T and catalase. After 14 h, (R)-nicotine was formed
from (S)-nicotine in >99% e.e. (R) at 65% yield, with ~10% yield
of alcohol 3-red-ol (35% e.e;; Table 1, entry 14).

Activity screen of ATHases by a coupled colorimetric assay.
Horseradish peroxidase (HRP) has found broad use in coupled
assays, both in medicine and in biotechnology®. In this context, a
(pro)-dye is rapidly oxidized by HRP, consuming H,O, and
leading to an optical signal. We speculated that substitution of the
catalase by HRP may allow the performance of the ATHase in the
cascade reaction to be estimated (Fig. 4).

Comparison of the kinetic constants (k. > 250 min~', K,, <
1 mM for MAO-N-9) indicates that the ATHase step is rate-limiting
in the enzyme cascade under the considered reaction conditions
(Supplementary Section 52.9). Thus, the HRP-generated optical
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Figure 3 | Enzyme cascade for the double stereoselective deracemization of amines. a, Schematic representation of the double stereoselective
deracemization with MAO-N/ATHase (see Methods and Supplementary Section S2 for experimental details). b, Reaction scheme for the production of
(R)-1-red via a reaction cascade, and time plot of conversion (dotted lines, empty circles) and enantiomeric excess (solid lines, filled circles) for
[Cp~Ir(biot-p-L)CI]-Sav S112T ATHase (red) and [Cp*Ir(biot-p-L)CI]-Sav S112K ATHase (blue). ATHase loading was 1 mol%. ¢, Saturation kinetic curves
for[Cp*Ir(biot-p-L)YCI]-Sav SN2T ATHase (red trace) and [Cp*Ir(biot-p-L)CI]-Sav S112K ATHase (blue trace). Error bars indicate 11 standard deviation,
determined from the triplicate measurement of each rate. Although the ATHase rate of the (R)-selective ATHase (S112T variant) is significantly lower than
that of the (5)-selective variant (S112K) at the beginning of the reaction, the matched enzyme cascade (that is, S112T MAQ-N-9) reaches a high
enantiomeric excess in favour of the (R)-amine 1 more rapidly than the mismatched case (that is, S112K MAO-N-9).

H;0

+

Oxidation products

Hz0;

Figure 4 | Colorimetric assay for the determination of ATHase activity in an enzyme cascade. The activity of the ATHase in the enzyme cascade is
revealed by HRP: the H,O, generated by MAO-N reacts with a dye (scopoletin, red) in the presence of HRP and leads to bleaching of scopoletin.

signature allows comparison of the relative ATHase activities,
depending on the Sav isoform.

After screening several dyes/prodyes, we identified scopoletin as
a suitable substrate as it loses its fluorescence upon oxidation:
because the MAO-N variant is highly (S)-selective, the optical
readout generated by the oxidation of scopoletin correlates to the
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production of (§)-red-1. As the ATHases display modest selectiv-
ities (E values < 4), sufficient (§)-red-1 is produced to allow the
implementation of the coupled assay. By following the decrease in
the fluorescence of scopoletin in the ATHase/MAO/HRP coupled
assay, imine-reductases with strongly increased activity (compared
to S112T) could be identified. The ATHase [Cp*Ir(biot-p-L)Cl]-

NATURE CHEMISTRY | VOL 5 | FEBRUARY 2013 | www.nature.com/naturechemistry
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Figure 5 | Expanding the concept of orthogonal redox cascades to include other enzymes. a, Production of 1-pipecolic acid from L-lysine requires the
combination of an ATHase with an LAAO and a DAAO. Catalase is added to decompose the H,0, generated by the AAOs. b, Concurrent regeneration of

MNADH by the ATHase in the presence of a monooxygenase.

1

Ki21A displayed kinetic constants  of k(=20 min~
(+3 min "), KM(JPpJ =12mM (+3mM) and K,=20mM
(+4 mM) (Supplementary Fig. $19).The relative order of activities
in the assay was in good agreement with the rates determined by
high-performance liquid chromatography (HPLC), although for
high activities the relative activity was underestimated by the assay
(Supplementary Fig. S20).

Combination of ATHase with amino acid oxidases for the
formation of L-pipecolic acid. Encouraged by the results with
MAOQ, we sought to combine ATHases in more complex cascades
with other oxidases. For this purpose, we selected 1-lysine (4),
which, upon oxidation with an 1-amino acid oxidase (LAAO) and
reduction with the ATHase, yields pipecolic acid (5). The
enantiomeric excess of 5 can be upgraded by combining the
LAAO/ATHase/catalase with a D-selective amino acid oxidase
(DAAQ) (Fig. 5a)1041,

In a first round of screening, the performances of a range of
ATHase mutants were screened for the reduction of A'-piper-
idine-2-carboxylic acid generated in situ by oxidation of r-lysine
with LAAO (from snake venom, Crotalus atrox). The Ir-cofactor
[Cp*Ir(biot-p-L)Cl] in the absence of Sav showed only a low conver-
sion (TON = 11, turnover number (TON) = moles product/moles
catalyst) and led to racemic product, highlighting again the inacti-
vation of the naked catalyst (Table 1, entry 15). In contrast, the
ATHase demonstrated promising conversions (up to 90%; TON =
48), albeit with low enantioselectivity. The most (S)-selective
mutant (Sav S112A; TON = 47; 29% e.e.) was selected for further
studies (Table 1, entry 16; Supplementary Table S8). Combining
the system with a DAAO (from porcine kidney) allowed the
enantiomeric excess of the L-pipecolic acid to be upgraded by re-
oxidizing the p-enantiomer; under the chosen conditions, an enan-
tiomeric excess of 86% in favour of 1-4 was obtained (Fig. 5a;
Table 1, entry 17). The formation of pipecolic acid was unambigu-
ously established by 2D NMR analysis of the reaction mixtures using
1-lysine-2-"°C as substrate (Supplementary Fig. $22).

NADH regeneration for monooxygenases. The chemical and
electrochemical recycling of NAD(P)H and analogues has been
intensively investigated as an alternative to enzymatic
regeneration'>*?**%. In this context, [Cp*Rh(bipy)Cl] has emerged
as the redox mediator or catalyst of choice. However, in the
presence of the downstream enzyme, mutual inactivation is

NATURE CHEMISTRY | VOL 5 | FEBRUARY 2013 | www.nature.com/naturechemistry

commonly encountered**>. To test the validity of the molecular
compartmentalization concept outlined in Fig. 1, we investigated
the regeneration of NADH in the presence of an NADH-
dependent enzyme using an ATHase. Although significantly more
active than [Cp*Rh(bipy)Cl] for NADH regeneration in the
absence of an NADH-dependent enzyme, [Cp*Ir(biot-p-L)CI] was
rapidly deactivated in the presence of 2-hydroxybiphenyl
monooxygenase (HbpA from Pseudomonas azaleica, an NADH-
and FAD-dependent enzyme). In the presence of Sav, however,
the mutual inactivation of [Cp*Ir(biot-p-L)Cl] and HbpA was
efficiently prevented, and robust hydroxylation activity was
achieved (Table 1, compare entries 18 and 19; Fig. 5b). We
conclude that Sav shields the ATHase from the downstream
enzyme, allowing NADH regeneration with formate as the
hydride source (K, = 165 pM [£6 pM, Ky = 1.37 min_ '
[+0.01 min ']; Supplementary Fig. S27). Full conversion of
2-hydroxybiphenyl (6) to 2,3-dihydroxybiphenyl (7) was
accomplished in 2h with a crude enzyme extract (Fig. 5b,
Table 1, entries 18 and 19; Supplementary Fig. $25).

The system could be run either in the pure aqueous phase or as a
biphasic system with 1-decanol functioning as a substrate reservoir
and product sink, thereby highlighting the applicability of the
ATHase under a variety of reaction conditions. The biphasic
system again displayed strong inactivation in the absence of Sav,
whereas a TON of >100 (versus [Cp*Ir(biot-p-L)Cl]) was achieved
when Sav was present (Supplementary Fig. S26).

Outlook

We have demonstrated herein that an ATHase consisting of
[Cp*Tr(biot-p-L)Cl] anchored within a streptavidin isoform is
complementary and compatible with a variety of redox enzymes
relying on NADH, FADH, and haem cofactors. Such artificial
metalloenzymes display attractive features that are reminiscent of
both biocatalysts and chemocatalysts: precious metal reactivity,
genetic optimization potential and well-defined second coordi-
nation sphere provided by a protein scaffold. This last feature
could be further exploited with a view to achieving the immobiliz-
ation of the entire enzyme cascade.

To optimize such cascades, directed evolution protocols are
highly desirable. With this goal in mind, we have shown that the
ATHase can be integrated with a colorimetric coupled assay,
leading to the identification of a genetically improved ATHase.
These proof-of-principle examples open fascinating perspectives
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towards complementing biocatalytic cascades with molecularly
compartmentalized organometallic catalysts.

Methods

Typical procedure for a double stereoselective deracemization with MAO-
N/ATHase (analytical scale). The following stock solutions were prepared.
Catalase from bovine liver (50 kU ml ™) was dissolved in MOPS/sodium
formate buffer (0.6 M in MOPS, 3.0 M in sodium formate, pH adjusted with aq.
KOH to pH 7.8). Sav S112T (164 mgml ', 0.75 mM free binding sites, assuming
three free binding sites per tetramer) was dissolved in the catalase containing
buffer. [IrCp*(biot-p-L)Cl] was dissolved in DMF (37.5 mM). Affinity purified
MAO-N-9 (buffer exchange with MOPS, 0.6 M, pH adjusted with KOH to 7.8)
was diluted in MOPS buffer (0.6 M, pH adjusted with KOH to 7.8) to a
concentration of 0.38 mg ml . Substrate stock was prepared by dissolving the
hydrochloride of 1-ox in H,0 (1 M). The ATHase was prepared by adding
[1rCp*(biot-p-L)Cl]-stock (10 ul ml ") to the Sav-stock solution. MAO-N-stock
was placed in 1.5 ml PP-tubes (100 ul) and ATHase was added (100 pl). The
reactions were initiated by addition of substrate stock solution (7.5 ul) and
incubated at 37 °C and 250 r.p.m. in a lying position. For work-up ag. NaOH
solution was added (50 pl of a 10 M solution) and the mixture extracted with
CH,CI, (1 x 1 ml). The organic phase was dried over Na,SO, and analysed by
HPLC (Supplementary Sections $2.3.1 and $2.4.1).
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1. General Information

Chemicals were purchased from Sigma-Aldrich, Acros, Fluka and TCI and used as received. Streptavidin
(Sav) mutants were produced, purified and characterised as previously described [1]. The Sav used in this
work and on which all variants were based was T7-tagged core Sav described by Gallizia et al. [2] and
here we refer to this as wild-type Sav. The corresponding ATHase is also referred to as wild-type (WT).
For a detailed synthesis procedure of [Cp*Ir(biot-p-L)Cl] see reference [3]. Commercial enzyme
preparations were purchased from Sigma. MAO-N mutants used in this study are described elsewhere
[4,5]. rac-1-Methyl-1,2,3,4-tetrahydroisoquinoline  (1-red) was prepared from 1-methyl-3,4-
dihydroisoquinoline (1-ox) hydrochloride hydrate by reduction with NaBH; in MeOH. 2-Cyclohexyl-1-
pyrroline (2-ox) was prepared according to literature procedures [6]. rac-2-Cyclohexylpyrrolidine (2-red)
was prepared from 2-cyclohexyl-1-pyrroline (2-ox) by reduction with NaBH, in MeQOH. Pseudooxynicotine
(3-0x) was prepared as described in reference [7]. 2,3-Dihydroxybiphenyl (7) was a kind gift from Prof.
Dr. Andreas Schmid (TU Dortmund, Dortmund, Germany). L-Lysine-*C, HCI (99% **C) was obtained from
Sigma. NMR experiments were performed at 25°C (MeOH calibration) on Bruker Avance Il NMR
spectrometers operating at 600, 500 or 400 MHz proton frequency. All were equipped with direct (600
and 400 MHz) or inverse (500 MHz) dual channel, broadband probe-heads with z-gradients. Chemical
shifts were referenced to residual proton solvent peaks (4.773 ppm for H;0, 7.26 for CHCl;). The
quantitative constant time HSQC experiment was performed using 2048 data points in the F2 and 1024
data points in the F1 dimension, correspending to acquisition times of 155 ms in F2 and 34 ms in F1. Each
increment was recorded with 8 scans resulting in a total experiment time of 2 h 45 min. HPLC
measurements were performed on Agilent (or hp) machines equipped with modules from the 1100 and
1200 series and diode array detectors, if not indicated otherwise. HPLC columns were used with the

appropriate guard columns, if not indicated otherwise, Column and conditions are indicated for each
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compound separately. GC measurements were performed on Agilent GCs of the 6890 series equipped

with FIDs.

2. Concurrent catalysis reactions with MAO-N/ATHase
2.1. MAO-N Protein expression

Aqueous solutions of dithiothreitol (8 uL, 200 mM) followed by pET-16b plasmid DNA containing the
MAOQ-N gene variant (2 uL, 49-138 ng/uL) were added to ultra competent BL21(DE3)pLysS E. coli cells
(produced in-house) (100 puL). The mixture was stored on ice for 15 min and the transformed cells were
plated onto LB-Lennox agar plates containing ampicillin (279 pM), chloramphenicol (100 pM) and
glucose (111 mM), and incubated overnight at 37 °C. The culture and preculture media were composed
of bactotryptone (from BD, 20 g/L), Na,HPQ, (9.16 mM), KH,PQO, (7.35 mM), NaCl (136.9 mM) and bacto
yeast extract (from Merck, 15 g/L). A single colony was inoculated to the preculture medium (50 mL),
which contained ampicillin (279 uM), chloramphenicol (100 uM), and glucose (55.5 mM), and was
incubated overnight on an orbital shaker (37 °C, 250 rpm). The preculture was diluted 1 to 1000 into
fresh media (600 mL), containing ampicillin (279 pM), chloramphenicol (100 pM) and glucose (1.1 mM).
The cells were grown at 30 °C until an ODgqy of 2—3 was reached. Expression was induced by addition of
isopropyl p-D-1-thiogalactopyranoside (600 pL, 1 M). The cells were harvested approximately 10 hours
after induction by centrifugation (3600 x g, 10 min, 4 °C). The supernatant was discarded and the pellet

was frozen at -20 °C until purification. Protein expression was confirmed by SDS-PAGE analysis.

2.2. MAO-N Protein purification

The cell pellet was thawed on ice and resuspended in potassium phosphate buffer (100 mM, pH 7.7,

20 mL/g wet cell pellet) containing DNase | (from Roche, 20U/mL), lysozyme (40 kU/mL) and
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phenylmethylsulfonyl fluoride (1 mM). The resuspended cells were incubated at 30 °C, 100 rpm for 30-
60 min. The proteic extract was centrifuged (18000 x g, 30 min, 4 °C) to remove cell debris and filtered
(0.2 pum filters, Sarstedt). The buffers for purification by nickel affinity column (1 mL HiTrap Chelating HP,
GE Healthcare) were: buffer A: potassium phosphate buffer (100 mM, pH 7.7) containing sodium
chloride (300 mM) and buffer B: potassium phosphate buffer (100 mM, pH7.7) containing sodium
chloride (300 mM) and imidazole (1 M). The column was pre-equilibrated with buffer A before loading of
the protein sample. The bound protein was washed with buffer A (minimum wash volume 30 mL),
followed by 20 % buffer B (minimum wash volume 10 mL) and eluted in 35 % buffer B. The eluted sample
was concentrated to 2.5mL using a centrifugal filter unit (Amicon Ultra-15, 30000 MWCO, from
Millipore, 3600 x g, 2-5 min) and desalted on a PD-10 desalting column (GE Healthcare) pre-equilibrated
with MOPS buffer (25 mL, 0.6 M, pH 7.8). Concentration and filtration were repeated using a fresh filter
unit and PD-10 column. The absorbance of the sample at 280 nm was measured using a Nanodrop 1000
(Witec AG). The following factors were used to correct the concentration values obtained from the
Nanodrop measurement: 1.691 for MAO-N-9 and 1.787 for MAO-N-5 (calculated from the amino acid
sequence using the ExPASy ProtParam tool from the Swiss Institute of Bioinformatics). This corresponds
to molar extinction coefficients of 99350 M'em™® for MAO-N-5 and 93850 M'cm® for MAO-N-9,

assuming all cysteine residues are reduced.
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2.4, Reactions with MAO-N /ATHase on an analytical scale

2.4.1. Substrates rac-1-methyl-1,2,3,4-tetrahydroisoquinoline (rac-1-red) and 1-methyl-3,4-
dihydroisoquinoline (1-ox)

The analytical reactions were carried out with the same buffer (consider note regarding buffer C, on page
5 of the SI) and substrate concentrations as described for the preparative reaction. (Initially
concentrations were varied to find the optimal reaction conditions.) Analytical reactions were typically
conducted in the following format: 100 uL ATHase preparation was added to 100 uL MAO-N preparation
(0.38 mg/mL in 0.6 M MQOPS, pH 7.8) in a 1.5 mL PP-tube and the reactions were initiated by the addition
of substrate (7.5 uL of either a 1 M solution of 1-methyl-3,4-dihydroisoquinoline hydrochloride hydrate
in H;0, or a 1 M solution of 1-methyl-1,2,3,4-tetrahydroisoquinoline (solution prepared in 1 N HCI). The
tubes were incubated in a lying position at 250 rpm and 37 °C for the appropriate time. Subsequently the
tube was removed from the incubator and aqueous NaOH (50 puL of a 10N solution) was added,
immediately followed by CH,Cl, (1 mL). Mixing was achieved by means of a vortex mixer. The organic
phase was separated, dried with Na,SO, and analysed by chiral phase HPLC. The experiment cited in the
main text in Table 1, entry 5 was carried out with 0.5 mol % ATHase and analysed after 24 hours. For
experiments cited in the main text in Table 1, entries 6, 7, see >Time course of concurrent catalysis
reactions with MAO-N-9/ATHase (Sav S112T or Sav S112K) in the reduction of 1-methyl-3,4-

dihydroisoquinoline (1-ox)<; compare also Table S6.

2.4.2. Substrates rac-2-cyclohexylpyrrolidine (rac-2-red) and 2-cyclohexyl-1-pyrroline (2-ox)

The procedure was similar to that described above for rac-1-red and 1-ox. After work-up, conversion was
determined in the crude extracts by GC-FID (see above). The total response for amine and imine dropped
over the course of the reaction significantly, presumably caused by absorption of the lipophilic substrate
and product into the PP-tubes. The preparative reaction showed that high isolated yields can be

obtained. For ee-determination derivatization was carried out as described above. The experiments cited
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in the main text (Table 1, entries 10, 11) were performed with 1 mol % ATHase as follows: Stock
solutions: Catalase (27.5 mg, from bovine liver, 11 kU/mg, Sigma C40) was dissolved in MOPS/sodium
formate buffer (6.059 mL, 0.6 M in MOPS, 3.0 M in formate, pH adjusted with NaOH to 7.8). Sav S112A
(40.4 mg) or Sav S112A-K121N (39.8 mg) was dissolved in the catalase containing buffer (1.230 mL for
Sav S112A, 1.213 mL for Sav S112A-K121N). [Cp*Ir(biot-p-L)Cl] (1.82 mg) was dissolved in DMF (30.0 pL).
The ATHase was prepared by adding Ir-stock solution (12.30 plL for Sav S112A, 12.13 pl for Sav S112A-
K121N) to the Sav-stock solutions. 2-Cyclohexyl-1-pyrroline and 2-cyclohexylpyrrolidine were dissolved
to a final concentration of 1 M in 1.1 N aq. HCl. The amine stock solution remained slightly turbid, but
clarified upon standing. Note: Turbidity in the preparation of the stock solutions (amine 2-red or imine
2-ox) was observed on other occasions. Purified MAO-N-9 (100 pL, 0.38 mg/mL in 0.6 M MOPS buffer,
pH 7.8) was placed in a 1.5 mL PP-tube, ATHase (100 pL) was added and the reaction initiated by addition
of substrate stock solution (7.5 pL). Workup and analysis was performed after 39 hours as described

above (see also Figure S14 for ee-determination).
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Figure S14. Chiral phase GC traces of 2-cyclohexylpyrrolidine deracemisation with ATHase (Sav S112A-
K121N) and MAO-N-9 after derivatization with TFAA after 39 hours (top) and after 15 minutes (middle);
2-cyclohexyl-1-pyrroline reduction with ATHase (Sav S112A) and MAO-N-9 after derivatization with TFAA

after 39 hours (bottom).
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2.4.3. Substrates (S)-nicotine (S)-3-red) and pseudooxynicotine (3-ox)

The procedure was similar to that described above for rac-1-methyl-1,2,3,4-tetrahydroisoquinoline and
1-methyl-3,4-dihydroisoquinoline. The stock solution for pseudooxynicotine (1 M) was prepared by
dissolving the double HCl salt in H,0. Conversion and ee-determination were carried out as described
above. The experiment cited in the main text (Table 1, entry 14) was performed with 1 mol % ATHase as
follows: Stock solutions: Catalase (8.55 mg, from bovine liver, 11 kU/mg, Sigma C40) was dissolved in
MOPS/sodium formate buffer (1.881 mL, 0.6 M in MOPS, 3.0 M in formate, pH adjusted with NaOH to
7.8). Sav S112A-K121T (42.0 mg) was dissolved in the catalase containing buffer (1.282 mL). [Cp*Ir(biot-
p-L)CI] (2.11 mg) was dissolved in DMF (35.0 pL). The ATHase was prepared by adding Ir-stock solution
(12.82 pL) to the Sav-stock solution. (S)-Nicotine (162.5 mg) was dissolved to a final volume of 1 mL in
1 N HCI. Purified MAO-N-5 (100 pL, 1.43 mg/mL in 0.6 M MOPS buffer, pH 7.8) was placed ina 1.5 mL PP-
tube, ATHase (100 plL) was added and the reaction initiated by addition of substrate stock solution
(7.5 pL). Workup and analysis was performed after 14 hours as described above (see also Figure $15 for
ee-determination of nicotine). For conversion determination the sample was additionally run under
modified RP-HPLC-conditions (compare preparative reactions): Agilent Eclipse XDB-C18 150 x 4.6 mm,
5 um; solvent A: H,0 with 0.1 % TFA, solvent B: MeOH with 0.1 % TFA; 0 % B at 0 min, 0 % B at 10 min,
5% B at 11 min, 5% B at 21 min, 50 % B at 26 min, 50 % B at 31 min, 0 % B at 36 min, 0 % B at 40 min;
1 mL/min, 25 °C, 254 nm; Tg 3.2 min 4-(methylamino)-1-(3-pyridyl)-1-butanol, 4.4 min nicotine, 28.6 min

2-(3,4-dimethoxyphenyl)ethanol.
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Figure S15. Chiral phase HPLC trace of (S)-nicotine conversion with MAO-N-5 and ATHase (Sav S112A-
K121T) showing the signals of nicotine (top) and for comparison rac-nicotine (middle) and natural (S)-

nicotine (bottom).

2.5. Screening of ATHase variants for the reduction of prochiral substrates

2.5.1. 1-Methyl-3,4-dihydroisoquinoline (1-ox)

The initial screening protocols for the identification of a suitable ATHase differed for the described
substrates in details (compare substrates 2-cyclohexyl-1-pyrroline and pseudooxynicotine) and are
therefore reported individually and comprehensively. The following stock solutions were prepared:
Reaction buffer: 0.6 M MOPS, 1.5 M HCO;Na, pH adjusted with aqueous KOH to pH 7.8. [IrCp*(biot-p-
L)CI] (e. g. 2.84 mg, 3.53 umol) was dissolved in DMF (252 pL) resulting in a final concentration of 14 mM.
A 1M solution of the substrate was prepared by dissolving 1-methyl-3,4-dihydroisoquinoline
hydrochloride hydrate (200 mg, 1.00 mmol, water content considered in calculation) in water to a total
volume of 1 mL. Lyophilised Sav-mutants were weighed into PP-tubes and dissolved in the appropriate
volume of reaction buffer to reach a calculated final concentration of 690 uM free biotin binding sites.

Free binding sites in the protein preparation were determined by a B4F-assay [8]. Note: in all other
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experiments the number of free binding sites in the protein preparation was set arbitrarily to 3 per
tetramer to ensure that sufficient free binding sites were present. 200 plL of the protein solutions were
transferred to 1.5 mL PP-tubes and 4.93 plL of complex solution was added (this equates to two free
binding sites per biotinylated metal complex), followed by mixing by means of a vortex mixer. The
reactions were started by addition of substrate stock solution (15 pL) and the tubes were incubated at
37 °C and 250 rpm. After 20 hours the tubes were removed from the incubator, water (500 pL) and
aqueous NaOH solution (50 pL of a 10 N solution) were added. The resulting solutions were transferred
to 2 mL PP-tubes and subsequently extracted with CH,Cl, (4 x 1 mL). The combined organic phases were

dried over Na,S0, and analysed by chiral phase HPLC (Table 52).

Table S2. Screening of ATHase mutants for the reduction of 1-methyl-3,4-dihydroisoquinoline.

=N NH

entry Sav-mutant free binding sites conversion [%] ee [%)
1 WT 3.8 100 23 (R)
2 S112A 3.0 100 50 (R)
3 S112E 34 7 5(R)

4 S112K 3.0 100 46 (9)
5 S112R 3.0 100 15 (S)
6 S112C 3.9 7 19 (R)
7 S112L 3.0 100 23 (R)
8 S112H 3.3 7 6 (S)

9 s112Q 3.3 99 16 (R)
10 S112v 3.6 100 57 (R)
11 S112y 3.6 100 37 (R)
12 5112G 3.6 100 23 (R)
13 S112T 33 100 59 (R)
14 K121A 3.9 100 41 (R)
15 K121H 3.6 44 6 (R)

16 S112A-K121G 3.6 100 10(R)
17 S11A-K121N 3.6 100 48 (R)
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2.5.2. 2-Cyclohexyl-1-pyrroline (2-ox)

The following stock solutions were prepared: Reaction buffer: 0.6 M MOPS, 1.5 M HCO,Na, pH adjusted
with aqueous KOH to pH 7.8. [Cp*Ir(biot-p-L)Cl] (e. g. 2.60 mg, 3.24 umol) was dissolved in DMF (86.3 plL)
resulting in a final concentration of approximately 37.5 mM. A 1M solution of the substrate was
prepared by dissolving 2-cyclohexyl-1-pyrroline (151.3 mg, 1.000 mmol) in 1.1 N HCl to a total volume of
1 mL. Note: the substrate stock solution stayed turbid. Lyophilised Sav-mutants were weighed into PP-
tubes and dissolved in the appropriate volume of reaction buffer to reach a calculated final
concentration of 375 uM free biotin binding sites (assuming 3 free binding sites per tetramer).
Appropriate amounts of complex stock solution were added to reach the desired stoichiometry of 2 free
binding sites per complex. The solutions were mixed by means of a vortex mixer and 200 pL of the
preformed ATHase transferred to 1.5 mL PP-tubes. The reactions were initiated by addition of substrate
stock solution (7.5 pl) and the tubes were incubated at 37 °C and 250 rpm in a lying position. After
20 hours, aqueous NaOH-solution (50 pL of a 10 N solution) was added and the mixtures extracted with
CH,Cl; (1% 1 mL). The extracts were dried with Na,SO, and analysed by GC-FID as described for the

preparative reaction. The results are summarised in Table S3.
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Table S3. Screening of ATHase mutants for the reduction of 2-cyclohexyl-1-pyrroline.

B0 — G0

entry Sav-mutant conversion? [%] ee [%)]
1 WT 66 55 (R)
2 S112A 84 86 (R)
3 S112K 24 54 (R)
4 s112L 21 3(R)
5 S112H 0 -

6 s112Q 19 61 (R)
7 S112v 60 78 (R)
8 5112G 96 g (s)
9 S112E 0 -

10 K121A 100 35(R)
11 S112A-K121G 88 35(R)
12 S11A-K121N 100 63 (R)
13 S112A-K121T 100 49 (R)
14 WT 66 55 (R)

a) Conversion [%] = (area amine x 100)/(area amine + area imine) as determined by GC-FID after

extraction.

2.5.3. Pseudooxynicotine (3-ox)

The following stock solutions were prepared: Reaction buffer: 1.2 M MOPS, 3.0 M HCO;Na, pH adjusted
with solid NaOH to pH 7.8. [Cp*Ir(biot-p-L)CI] (3.35 mg, 4.17 pmol) was dissolved in DMF (111.3 pl)
resulting in a final concentration of approximately 37.5 mM. The substrate stock solution was prepared
by dissolving the double HCl salt of pseudooxynicotine (35.1 mg, 140 pmol) in H,0 to a total volume of
2 mL resulting in a final concentration of 69.8 mM. Lyophilised Sav-mutants were weighed into PP-tubes
and dissolved in the appropriate volume of reaction buffer to reach a final concentration of 750 pM free
biotin binding sites (assuming 3 free binding sites per tetramer). Appropriate amounts of complex stock
solution were added to reach the desired stoichiometry of 2 free binding sites per complex. The

solutions were mixed by means of a vortex mixer and 100 L of the preformed ATHase transferred to

NATURE CHEMISTRY | www.nature.com/naturechemistry 23
© 2012 Macmillan Publishers Limited. All rights reserved.



112 Chapter 3: Towards in vivo Transition Metal Catalysis

DOI: 101038/NCHEM.1498 SUPPLEMENTARY INFORMATION

1.5 mL PP-tubes. The reactions were initiated by addition of substrate stock solution (107.5 uL) and the
tubes were incubated at 37 °C and 250 rpm in a lying position. After 20 hours 2-phenylethanol (50 puL of a
120 mM solution in H;0) was added as an internal standard to the reaction mixtures. 125 pL of the
resulting solutions were transferred to a separate PP-tube, treated with MeOH (300 pL) and the resulting
mixture centrifuged at 18800 x g. 200 uL of the supernatant were diluted with 1 mL H,O and the
resulting solution was analysed by reversed phase HPLC as described for reactions on a preparative scale
(Tg 2-phenylethanol 14.5 min). The remaining 132.5 UL reaction mixture containing internal standard
from above were treated with agueous NaOH (25 pL of a 10 N solution) and subsequently extracted with
CH,Cl; (1 x 500 pL). The organic phase was separated, dried over Na,;SO, and analysed by chiral phase
HPLC as described above. The results are summarised in Table S4. Note: As described above an internal
standard was added to determine the conversion. In several cases the combined yield of nicotine and
4-(methylamino)-1-(3-pyridyl)-1-butanol exceeded 100 % and was highest for mutant S112A (121 %). All
values were therefore normalised relative to this value. The relative response between alcohol and
nicotine was determined in a separate experiment and considered in the calculations. Representative

HPLC traces (2D and 3D) are depicted in Figures S16-S18.
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Table S4. Screening of ATHase mutants for the reduction of pseudooxynicotine.

Q H OH H
| N N\ | X N\ + bz | N\
N/ N/ \N
3-0x 3-red-ol 3-red
HPLC-yield 3-red-ol  HPLC-yield 3-red ® ee (3-red-ol)” ee (3-red)

entry Sav-mutant (%] [%] (%] (%]

1 S112A 41 59 +13 51(R)
2 S112A-K121G 29 58 +32 66 (R)
3 S112A-K121N 14 74 +57 59 (R)
4 S112A-K121T 11 76 +6 79 (R)
5 S112K 16 28 n.d. 22(8)
6 K121A 51 39 +35 20(S)
7 S112C 2 4 n.d. n.d.

8 S112E 1 1 n.d. n.d

9 5112G 79 3 +30 n.d
10 S112H 1 2 n.d. n.d
11 s112L 32 25 n.d. 81(s)
12 S112Q 33 15 n.d. 4(9)
13 S112R 19 38 n.d. 4(S)
14 $112T 45 47 +17 22 (R)
15 5112V 59 27 +5 11(S)
16 S112Y 50 33 -88 15 (R)
17 WT 38 47 +60 11(R)

a) determined with an internal standard by reversed phase HPLC and normalised since some yields
exceeded 100 %, see end of experimental procedure above. b) Absolute configuration was not

determined; + and - sign are arbitrarily assigned.
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Figure S16. Entire reversed-phase HPLC-trace (254 nm) for the analysis of the reduction of

pseudooxynicotine with ATHase (5112G).
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Figure S17. Entire reversed-phase HPLC-trace (254 nm) for the analysis of

the reduction of
pseudooxynicotine with ATHase (S112A-K121T).
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Figure $18. Wavelength resolved reversed-phase HPLC chromatograms for the analysis of the reduction

of pseudooxynicotine with (top): ATHase (5112G), and (bottom): ATHase (S112A-K121T).
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2.8. Determination of apparent kinetic constants for ATHase (S112T, S112K and K121A)
in the reduction of 1-methyl-3,4-dihydroisoquinoline (1-ox)

Preparation of stock solutions and buffers:

MOPS buffer of 0.6 M, pH adjusted to 7.8 with NaOH.

MOPS/formate buffer: 0.6 M in MOPS, 3.0 M in sodium formate, pH adjusted with NaOH to 7.8.
[Cp*Ir(biot-p-L)CI)]: 1.51 mg [Cp*Ir(biot-p-L)Cl)] was dissolved in 200.5 pl of degassed DMF (calculated
final concentration: 9.38 mM). This stock solution was used for the preparation of the Sav $112T and
S112K ATHase (see below). For the preparation of the K121A ATHase the following Ir-complex stock
solution was prepared: 1.34 mg [Cp*Ir(biot-p-L)Cl)] was dissolved in 711.6 uL of degassed DMF
(calculated final concentration: 2.34 mM).

1-Methyl-3,4-dihydroisoquinoline: Substrate stock solutions were prepared by dissolving 1-methyl-3,4-
dihydroisoquinoline hydrochloride hydrate (315.6 mg, containing 7.8 % water) in MOPS buffer using a
5 mL volumetric flask (final concentration 320 mM). All other substrate solutions were prepared by
diluting this stock solution in a 2 mL volumetric flask to the desired concentrations with MOPS buffer.
ATHase: Sav mutants (3 free binding sites per tetramer were assumed) were weighed into 2 mL PP-tubes
and dissolved in an appropriate volume of the MOPS/formate buffer (between 1.5 and 1.7 mL). An
appropriate volume of the corresponding [Cp*Ir(biot-p-L)Cl)] stock solution was added (between 15 and
17 pL) and the mixture was vigorously mixed by means of a vortex mixer (calculated final concentrations:
247.5 uM Sav monomer, 92.8 uM [Cp*Ir(biot-p-L)Cl)] for S112T/S112K; 61.9 uM Sav monomer,
23.2 uM [Cp*Ir(biot-p-L)Cl)] for K121A.

500 uL of the ATHase stock solution was added to an HPLC-vial and 37.5 uL of H,0 were added. The
substrate stock solution and the ATHase stock solution were incubated at 37 °C for 5 minutes. The
reaction was started by adding 500 pL of the substrate stock solution to the vial and the mixture was

shaken at 37 °C and 250 rpm (calculated final concentrations: 119 pM Sav monomer, 44.7 uM
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[Cp*Ir(biot-p-L)Cl)], 0.558 M MOPS, 1.395 M formate for $112T/S112K; 29.8 uM Sav monomer, 11.2 uM
[Cp*Ir(biot-p-L)Cl)], 0.558 M MOPS, 1.395 M formate for K121A). Aliquots of 100 uL were taken at 10, 20,
30, 40 and 50 minutes and were added to PP-tubes containing 50 pL of a freshly prepared glutathione
solution (250 mM) which was found to be an effective quencher of the catalyst. For a given substrate
concentration all measurements were performed simultaneously in triplicate (reactions were started
staggered every minute).

To the quenched samples was added 25 plL of an aqueous 2-(3,4-dimethoxyphenyl)ethanol solution
(3 mM) as an internal standard followed by 300 uL MeOH before the tubes were centrifuged at 21100 x
g for 1 min at 4 °C. 400 pL of the supernatant were diluted with 800 pL of H,0 and analysed by RP-HPLC
using an Eclipse XDB-C18 column (5 pm, 4.6 x 150 mm, Agilent); solvent A: H,O with 0.1 % TFA, solvent B:
MeCN with 0.1 % TFA; 13 % B at 0 min, 13 % B at 15 min, 90 % B at 20 min, 90 % B at 21 min, 13 % B at
26 min, 13 % B at 31 min; 1 mL/min; 25 °C, 210 nm; Ty 5.8 min (1-methyl-1,2,3,4-tetrahydroisoquinoline),
13.0 min (2-(3,4-dimethoxyphenyl)ethanol).

Product concentrations were calculated under consideration of the calibration curve and plotted against
the corresponding reaction times (see above). Initial rates at a given initial substrate concentration were
obtained by linear regression of the resulting data points. The average value of these rates was plotted
as a function of the substrate concentration, Figures $19. The apparent Michaelis-Menten parameters
Vimaw Km and K; were obtained applying nonlinear regression (least squares method) using GraphPad
Prism 5.0° corresponding to the Michaelis-Menten equation [9] in case of S112K or to Haldane’s

equation for substrate inhibition [10] in case of S112T and K121A.
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Figure S19. Saturation kinetics of ATHases in 1-methyl-3,4-dihydroisoquinoline reduction. Errors bars

indicate 1 standard deviation, determined from the triplicate measurement of each rate.
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3. Deracemisation of pipecolic acid (5) with DAAO/ATHase and synthesis of L-
pipecolic acid from lysine (4) employing LAAO/ATHase/DAAO

Buffers and stock solutions:

MOPS buffer of 0.6 M, pH adjusted to 7.8 with NaOH.

MOPS/formate buffer: 0.6 M in MOPS, 3.0 M in sodium formate, pH adjusted with NaOH to 7.8.
Substrate: 36.5 mg of L-lysine hydrochloride (Bachem) was dissolved in a 10 mL volumetric flask in the
MOPS/formate buffer and the pH was adjusted to 7.8 using solid NaOH (final concentration: 20 mM
L-lysine). The pipecolic acid stock solution was prepared the same way dissolving 12.9 mg of racemic
pipecolic acid (TCl) in 5 ml of the MOPS/formate buffer.

Sav: 11.0 mg of lyophilised Sav S112A (three free binding sites per tetramer were assumed) was
dissolved in 671.5 pL of the substrate stock solution (calculated final concentration: 1 mM Sav monomer
corresponding to 750 uM free biotin binding sites).

[Cp*Ir(biot-p-L)Cl)]: 1.20 mg of [Cp*Ir(biot-p-L)Cl] was dissolved in 39.9 plL of degassed DMF (final
concentration: approximately 37.5 mM [Ir]).

LAAO: 20.1 mg of L-amino acid oxidase (Crotalus atrox, 0.17 U/mg solid, Sigma A5147) was dissolved in
342.3 pL of the MOPS buffer (final concentration: 10 U/mL L-amino acid oxidase).

DAAO: 1.65 mg D-amino acid oxidase (from porcine kidney, 8.2 U/mg solid, Sigma A5222) was dissolved
in 67.6 plL of the MOPS buffer (calculated final concentration: 200 U/mL).

Catalase: 1.05 mg of lyophilised catalase (from bovine liver, 11 kU/mg solid, Sigma C40) was dissolved in
1153.8 pl of the MOPS buffer (final concentration: 10 kU/mL catalase).

FAD: 1.22 mg of flavin adenine dinucleotide disodium salt hydrate (Sigma) was dissolved in 1470.7 pL of
the MOPS buffer (final concentration: 1 mM FAD).

The ATHase stock solution was prepared by adding 6.72 L of the [(Cp*)Ir(biot-p-L)Cl] stock solution to

the Sav stock solution before the mixture was stirred vigorously by means of a vortex mixer. A slight
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turbidity was observed which disappeared upon dilution into the reaction mixture. The reaction mixture
was prepared by adding the following stock solutions to a 1.5 mL PP-tube: 50 pL LAAO-stock solution,
10 pL DAAO-stock solution, 20 plL catalase-stock solution and 20 pL FAD-stock solution. Finally, the
reaction was started by adding 100 plL of the ATHase stock solution (final reaction volume: 200 pL,
calculated final concentrations: 495 puM Sav monomer/371 pM free biotin binding sites, 186 uM
[(Cp*)Ir(biot-p-L)Cl], 2.5 U/mL LAAO, 10 U/mL DAAO, 1000 U/mL catalase, 100 uM FAD, 0.597 M MOPS,
1.485 M formate). Tubes were shaken at 37 °C and 250 rpm in an incubator for 20 h.

To the reaction mixture was added 50 L of an aqueous 1-aminocyclohexanecarboxylic acid (40 mM) as
an internal standard followed by 250 mL of MeOH before the tubes were centrifuged at 21100 x g for
5 minat4°C.

200 pL of the supernatant was diluted with 800 pL of a 2 mM aq. CuSOg4-solution and the tubes were
again centrifuged at 21100 x g for 5 min at 4 °C.

The supernatant was analysed by reversed phase HPLC using a Chirex 3126 D-penicillamin column
(50 x 4.6 mm) with an Agilent XDB-C18 guard column (12.5 x 4.6 mm) and 2 mM aq. CuSO, as an eluent
(0.8 mL/min, 25 °C, 247 nm); Tz 7.4 min (L-pipecolic acid), 12.8 min (D-pipecolic acid), 27.1 min
(1-aminocyclohexanecarboxylic acid). Alternatively 2 mM CuSO, with 3% MeOH was used as an eluent
(see following page for retention times). Conversions were determined with respect to the internal

standard peak.
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ABSTRACT: We report our efforts to enable transition-metal
catalysis in the presence of cellular debris, notably Escherichia
coli cell free extracts and cell lysates. This challenging goal is
hampered by the presence of thiols, mainly present in the form
of glutathione (GSH), which poison precious metal catalysts.
To overcome this, we evaluated a selection of oxidizing agents
and electrophiles toward their potential to neutralize the
detrimental effect of GSH on a Ir-based transfer hydrogenation
catalyst. While the bare catalyst was severely inhibited by
cellular debris, embedding the organometallic moiety within a
host protein led to promising results in the presence of some

B4 ™
e HaCO

artificial NH
1185353 M’

metalloenzyme HyCO

neutralizing agents. In view of its complementary to natural enzymes, the asymmetric imine reductase based on the incorporation
of a biotinylated iridium pianostool complex within streptavidin (Sav) isoforms was selected as a model reaction. Compared to
purified protein samples, we show that pretreatment of cell free extracts and cell lysates containing Sav mutants with diamide
affords up to >100 TON’s and only a modest erosion of enantioselectivity.

B INTRODUCTION

In many respects, organometallic- and enzymatic catalysis can
be regarded as complementary. Over the past four decades,
these two disciplines have by-and-large evolved independently.
In recent years, however, there has been an increasing interest
in exploiting organometallic catalysis in the context of chemical
’biology.1 To achieve this ambitious goal, however, the
compatibility of organometallic catalysts within the sea of
functionality present in a cell must be ensured.

In recent years, there have been a handful of reports on
precious-metal organometallic catalysis within living cells or in
the presence of cell lysates.” To the best of our knowledge,
however, the catalytic efficiency, as reflected by the very high
catalyst loading used, remains modest in most cases.>

With the aim of improving the catalytic performance in the
presence of cellular components, we have identified two
potential challenges that may limit the versatility of organo-
metallic catalysis in a cellular environment: (i) the organo-
metallic catalyst and the enzymes present in a cell suffer from
mutual inhibition;* and (ii) the reduced form of glutathione
(GSH hereafter), present in millimolar concentration in cells
cultivated under aerobic conditions, may poison the precious
transition metals catalysts.

To overcome the mutual inhibition challenge, which may
lead to inhibition of both organometallic catalyst and enzyme,
we have exploited the potential of artificial metalloenzymes.
Such hybrid catalysts result from the incorporation of an
organometallic moiety within a protein environment, thus
conferring a shielding second coordination sphere, reminiscent
of natural enzymes.””” Inspired by the pioneering work of

< ACS Publications  © 2014 American Chemical Society 8928

Wilson and W'hitesides,63 we rely on the biotin—streptavidin
technology to incorporate a biotinylated d®Ir pianostool
complex [Cp*Ir(biot-p-L)Cl] within streptavidin (Sav here-
after) to yield an artificial transfer hydrogenase. Genetic
optimization revealed that mutation at position S112 offered
an attractive means to improve (and revert) the enantiose-
lectivity: [Cp*Ir(biot-p-L)Cl] C S112A Sav and [ Cp*Ir(biot-p-
L)Cl] € S112K Sav yield the opposite enantiomers of
salsolidine in 96 and 78% ee under optimized conditions
using purified Sav.*>*

Herein, we report our efforts to address ex vivo the GSH
poisoning of precious-metal organometallic catalysts. For this
purpose, we set out to screen a variety of Michael acceptors as
well as oxidizing agents known to react with glutathione.

B RESULTS AND DISCUSSION
Inspired by the reports of Meggers’ Sadler® and Teply,;le

suggesting that dﬁ-pianostool complexes are particularly robust
scaffolds for reactions within cells or in the presence of cell
lysates, we selected the IrCp*-catalyzed asymmetric transfer
hydrogenation as a benchmark reaction.

For screening purposes, we selected Escherichia coli cell-free
extracts and cell lysates (see experimental details in the
Supporting Information (SI)). Following overexpression of a
Sav isoform in the E. coli strain BL21(DE3) pLysS, the cell
pellet was lysed by freeze—thaw cycles followed by addition of
Tris-HCI buffer containing DNase I and phenylmethylsulfonyl-
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fluoride as protease inhibitor. Catalysis was either performed in
the resulting cell lysate or with dried cell free extract (cfe)
obtained by centrifugation and lyophilization of the supernatant
to yield a brown powder. The cfe was stored at 4 °C until use.
The biotin-binding site concentration of the cell lysates and cfe
was determined using the biotin-4-fluorescein assay (see Figure
$11).° The total thiol concentration of the cfe was estimated to
approximatively 500 M using Ellman’s reagent.10 As Sav,
which is devoid of cysteines, represents >50% of the proteins
present in the cfe, we conclude that most of the cysteines
quantified by the Ellman test are contained in the glutathione
present in cfe.

For comparison purposes, catalytic transfer hydrogenase
experiments using [Cp*Ir(biot-p-L)Cl] were carried out with
(i) purified Sav samples, (ii) purified Sav samples spiked with
GSH, (iii) cfe containing Sav isoforms, (iv) cfe containing no
Sav (resulting from an E. coli culture using an plasmid devoid of
the Sav gene), and (v) cell lysates containing Sav isoforms.
Prior to this study, typical catalysis experiments using purified
Sav samples were performed using 250 uM [Cp*Ir(biot-p-
L)Cl], 500 #M biotin binding sites (i.e, 125 uM tetrameric
Sav). With in vivo catalysis in mind, we set out to decrease the
catalyst and substrate concentrations. Initial experiments were
thus performed using 50 uM [Cp*Ir(biot-p-L)Cl], 100 uM
biotin binding sites (i.e. 25 uM tetrameric Sav), 1 M HCO,Na
in MOPS buffer (100 mM, pH 7) (see Scheme 1). For

Scheme 1. Asymmetric Transfer Hydrogenation Catalyzed

by an Artificial Imine Reductase As a Benchmark Reaction to

Test the Neutralization of the Detrimental Effect of GSH
[Cp*Ir(biot-p-L)CI] (50 M)

Sav-mutant (100 pM biotin binding sites)
sodium formate (1 M)

MOPS (0.1 M)
O pH7,RT,48h 0.
~o =N ~o + NH
J? [Cp*Ir(biot-p-L)CIJ:
om HH?Nj:'H Sav-mutant conv. [%] ee [%] (abs. conf.)
H H
57 N N no quant. (rac)
NI OEEN'\')NHZ s112a 69 81(R)
oo S112K 48 62(S)

comparison purposes, the imine reduction was performed with
[Cp*Ir(biot-p-L)Cl]; [Cp*Ir(biotp-L)Cl] C S112A Sav and
[Cp*Ir(biot-p-L)Cl] C S112K Sav, Scheme 1. The results are
summarized in Table 1.

Catalysis results from experiments performed at 125 uM Sav
and 25 uM Sav are similar, suggesting that the ATHase is well
suited to operate at low concentrations (Table 1, compare
entries 1-3 to 4—6). Upon addition of >0.1 mM GSH (i.e,
two equivalents vs Ir), all three catalytic systems were
completely inhibited (Table 1, entries 7—18). This emphasizes
the severe poisoning effect of GSH toward the catalyst
precursor. Substitution of the chloride ligand by a pyridine
(ie, [Cp*Ir(biot-p-L)pyridine]), as suggested by Sadler,Sb did
not improve significantly the catalytic performance in the
presence of GSH toward the reduction of the salsolidine
precursor. In contrast, addition of GSSG had a less negative
impact on the reaction, although in the case of the bare Ir-
complex and the S112K mutant, the conversions were found to
be modest (Table 1, entries 19—21). We thus speculated that
oxidizing GSH or derivatizing its thiol function could—at least
partially—prevent inhibition of the transfer hydrogenation
catalyst.

8929

We selected Michael acceptors and oxidizing agents known
to react with GSH to yield the corresponding thioether and
disulfide, respectively. The following Michael acceptors were
tested: maleinimide Malln, 2-bromo-1-phenylethanone
BrPheOne, phenyl-vinylsulfone PheViSul, and 3-phenyl-2-
propynenitrile PhePropNit. The following 0xidizin§ agents
were selected: oxone Ox, l,4vbenzoclluinone BQ,' K[ Fe-
(CN)¢] Fe*,'* and diamide DiAm," Figure 1. For this
purpose, solutions either with or without a Sav isoform were
spiked with 2.5 mM GSH and incubated overnight in the
presence of different concentrations of a particular GSH
neutralizing agent before adding the Ir-catalyst. The reactions
were initiated by addition of the imine substrate and run for 2
days (see Table 1 in the SI). The main findings of this
screening include: (1) Fe’' and BQ are not compatible with
any of the three catalytic systems; even in the absence of GSH,
no or low conversions are observed. (2) Malln exhibits limited
compatibility with the Ir-catalyst, especially when the latter is
embedded within Sav. However, apart from this, Malln proved
to be a poor GSH neutralizing agent under the selected
experimental conditions. (3) PhePropNit is most effective
when applied at a ratio PhePropNit/GSH 2:1. An equimolar
amount has reaction,
equivalents led to a decrease in conversion and enantiose-
lectivity in the case of the S112K mutant. (4) Despite the fact
that H,0, is commonly used to oxidize GSH, we favored Ox
for this purpose. Indeed, it was found to be more compatible
with the experimental setup as the presence of catalases in the
cfe lead to significant gushing upon addition of H,O,.
Strikingly, although Ox is a two electron oxidant, its efficacy
is most pronounced with four equivalents vs GSH. This
behavior may be traced back to the fact that, in the presence of
formate, GSH is oxidized to the corresponding sulfonic acid
rather than the disulfide GSSG.** (5) The most effective GSH
neutralizing agents are BrPheOne, PheViSul, and DiAm.
Compared to reactions where GSH is absent, all these agents
led to comparable conversions and enantioselectivities in most
cases when incubated for either 2 or 15 h to GSH-spiked
solutions prior to catalysis. Increasing the concentration of the
GSH neutralizing agents leads to less consistent results; the
outcome of the reaction depends on the Sav mutant (if any) is
used. For example, DiAm is fully compatible with the artificial
metalloenzymes but not with free [Cp*Ir(biot-p-L)Cl] as
increasing concentrations led to a decrease in conversion. A
similar behavior is observed with BrPheOne when no Sav or
the S112K mutant was present. On the other hand, PheViSul
does not affect the free Ir-complex but limited compatibility
was observed with the hybrid catalysts especially in absence of
GSH.

With regard to these results, the following properties of the
GSH neutralizing agents have to be considered: (i) efficiency of
GSH neutralization; (i) (mutual) inhibition between the
catalyst and the GSH neutralizing agent (compatibility), (iii)
inhibition of the catalyst and the product of the GSH
neutralization (disulfide and thioether respectively), (iv)
reduction of GSSG to GSH by the Ir-catalyst, (v) competing
catalytic reduction of the GSH neutralizing agent by the Ir-
catalyst when used in excess and vi) derivatization of Sav amino
acid side chains by the Michael acceptors.

Next, the most promising glutathione neutralizing agents
BrPheOne, PheViSul, and DiAm were tested in the presence
of cell free extracts, Figure 2. While the bare catalyst was
inactive, up to 22 turnovers (i.e,, 11% conversion at 0.5 mol %

no benefit on the whereas four

dx.doi.org/10.1021/ja500613n | .. Am. Chem. Soc. 2014, 136, 89288932
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Table 1. Catalysis with Purified Sav at Low Catalyst Concentration and in the Presence of GSH and GSSG at RT (for further

details see SI)

entry  Sav mutant [Sav] (pM) [Ir] (M) [formate] [GSH]
(M) (mM)
1 no 125 250 3 0
2 S112A 125 250 3 0
3 S112K 125 250 3 0
4 no 25 50 1 0
N S112A 25 50 1 0
6 S112K 25 50 1 0
7 no 25 50 1 0.025
8 no 25 S0 1 0.05
9 no 25 50 1 0.1
10 no 25 50 1 2.5
11 S112A 25 S0 1 0.025
12 S112A 25 50 1 0.05
13 S112A 25 50 1 0.1
14 S112A 25 N 1 2.5
15 S112K 25 50 1 0.025
16 S112K 25 50 1 0.05
17 S112K 25 50 1 0.1
18 S112K 25 50 1 2.5
19 no 25 50 1 0
20 S112A 25 50 1 0
21 S112K 25 50 1 0

[GSSG] [substrate ] time (h) conversion” ee™? (%)
(mM) (mM) (%)

0 S0 4.5 quant. 0

0 S0 4.5 89 +1 90 +1

0 NY 4.5 70 +£3 =75+ 1

0 10 48 quant. 0

0 10 48 69 +£5 81 +1

0 10 48 48 +1 —-02 + 2

0 10 48 92 +2 0

0 10 48 59 +4 0

0 10 48 0 -

0 10 48 0 0

0 10 48 56 £2 83+1

0 10 48 37 +£3 33 +

0 10 48 0

0 10 48 0 0

0 10 48 23 £2 =60 + 2

0 10 48 9+5 -55+3

0 10 48 0 -

0 10 48 0 0
2.5 10 48 19 +1 0
25 10 48 S0+1 84 +2
2.5 10 48 15+1 —47 £ 3

“Positive ee values correspond to (R)-salsolidine, and negative ee values correspond to (S)-salsolidine. "The + values represent standard deviations
resulting from triplicate measurements. GSH: reduced form of glutathione; GSSG: oxidized form of glutathione (glutathione disulfide).
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| ] CN
NoNs L 9,0 NC., | \CN
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Qj N "Il oSO e e
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©;\S~\/ ©)b5'

Phenylvinylsulfone  2-Bromoacetophenone
(PheViSul) (BrPheOne)

3-Phenyl-2-propynenitrile
(PhePropNit)

Maleimide
(Malin)

Figure 1. Stoichiometric reagents tested to neutralize glutathione (top
oxidizing agents, bottom Michael acceptors).

catalyst loading) were obtained for the [Cp*Ir(biot-p-L)Cl] C
S112A Sav variant without pretreatment of the cfe with a GSH
neutralizing agent. This clearly demonstrates the efficacy of the
second coordination sphere to protect the precious metal from
cell debris, Table 2 entries 5 and 6. In the presence of a GSH
neutralizing agent, the catalytic performance could be improved
significantly for the artificial metalloenzyme. DiAm proved
most effective at concentrations of 5—10 mM leading up to 110
turnovers in case of the S112A mutant and 96 turnovers with
the S112K mutant (Table 2, entry 14 and 15). This amounts to
up to 72% recovery of the original activity of these catalysts,
without loss of selectivity. Reducing the preincubation time to 2
h yielded nearly identical results (Table 2, entry 16 and 17). On
the other hand, none of the three GSH neutralizing agents had
a beneficial effect on the bare Ir-complex in cfe’s: conversions
do not exceed 5% (Table 2, entry 7, 10 and 13).

Recent saturation kinetic studies demonstrate that the
[Cp*Ir(biotp-L)Cl] C S112A Sav ATHase exhibits higher
reaction rates than its [Cp*Ir(biot-p-L)Cl] C S112K Sav
counterpart (kg = 114 min™" vs kg = 2.6 min™"). Although
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Figure 2. Fingerprint representation of ATHase
presence of GSH neutralizing agents.

activity in the

these kinetic profiles are reflected in the initial screening
experiments in the presence of purified Sav, the S112K variant
generally yields better conversions in the presence of pretreated
cfe. Assuming that the neutralization of GSH in the cellular
environment is as efficient as in the presence of purified
protein, this finding suggests that GSH may be the main but
not the sole inhibitor of the precious metal catalyst.
Considering the propensity of precious metals to interact
with guanine in oligonucleotides,'> we speculate that the
cationic lysine residue at position S121 K interacts with the

dx.doi.org/10.1021/ja500613n | J. Am. Chem. Soc. 2014, 136, 89288932
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Table 2. Selected Results Obtained from Catalysis in the Presence of Cell Free Extracts (cfe) and Cell Lysates”

entry Sav mutant origin GSH neutralizing agent concentration (mM) preincubation time (h) conversion® (%) eec (%)
1 no — no — - 98 + 1 0
2 S112A purified no - - 95+ 3 82 +2
3 ST12K purified no - - 67 £3 —64+£3
4 no cfe? no — — 2+1 o
S S112A cfe no - - 11+2 68 + 2
6 S112K cfe no - - 8§ +2 —S55+5
7 no ofe? BrAcPhe 5 15 0 -
8 S112A cfe BrAcPhe 5 15 20+1 74 + 3
9 S112K cfe BrAcPhe N 15 25+ 3 —62+6
10 no ofe? PheViSul 5 15 2+1 0
11 S112A cfe PheViSul 5 15 22+5 62 +3
12 S112K cfe PheViSul N 15 32x1 —44+ 6
13 no ofe? DiAm 10 15 41 0
14 S112A cfe DiAm N 15 S5+6 83 +2
15 S112K cfe DiAm N 15 48 £ 5 —60 + 4
16 S112A cfe DiAm 10 2 49 £ 10 85 +1
17 S112K cfe DiAm 10 2 42+1 —64+6
18 no cell lysate no - - 0 -
19 S112A cell lysate no - - 0 -
20 S112K cell lysate no - - 0 -
21 S112A cell lysate BrAcPhe 10 15 6+1 59 + 17
22 SII2K cell lysate BrAcPhe 10 15 31 +12 66+ 1
23 S112A cell lysate PheViSul 10 15 9+1 54+ 11
24 S112K cell lysate PheViSul 10 15 20+ 5 —42 4+ 6
25 no cell lys;lted DiAm 10 15 <1 n.d.
26 S112A cell lysate DiAm 10 15 22+ 3 70 £ 6
27 S112K cell lysate DiAm 10 15 43+ 7 68+ 1

“All reactions were performed with 50 #M [Cp*Ir(biot-p-L)Cl], 25 uM tetrameric Sav, 0.6 M MOPS pH 7, and 3 M sodium formate at RT for 48 h
(see SI for details). “Positive ee values correspond to (R)-salsolidine and negative ee values correspond to (S)-salsolidine. “The + values represent
standard deviations resulting from triplicate measurements. efe containing no Sav resulting from an E. coli culture using an plasmid devoid of the

Sav gene.

phosphate of the (oligo)nucleotide, hampering N’ guanine
coordination to the iridium moiety with this mutant.

Encouraged by these findings, we tested the ATHase with
cell Iysates (see SI for a detailed procedure). Again here, the
best results were achieved with DiAm yielding up to 44
turnovers (S112A) and 86 (S112K) tumovers, respectively
(Table 2, entry 26 and 27). Besides the lower conversions
obtained compared to experiments performed with cfe, in the
case of the S112A-ATHase also a slight decrease of
enantioselectivity was observed. The S112K mutant shows no
degradation in agreement with the assumption that the latter
better protects the Ir-center from inhibitors.

H OUTLOOK

From the data presented in this study, we conclude that
diamide DiAm is a promising GSH oxidizing agent which is
shown to be compatible with organometallic catalysis on cell
free extracts as well as cell lysates. This important finding will
allow us to apply directed evolution protocols to optimize the
performance of artificial transfer hydrogenases with crude
cellular extracts.

With the ultimate goal of performing precious metal catalysis
in vivo, it is noteworthy that Kosower has shown that diamide
DiAm is compatible with living cells, including E. coli, neither
causing lysis nor death.™" The next challenge is to engineer a
transport of the abiotic metal cofactor within E. coli expressing
Sav to ultimately perform catalysis in vivo.
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Neutralizing the Detrimental Effect of Glutathione on

Precious Metal Catalysts

Yvonne M. Wilson*', Marc Diirrenberger, Elisa S. Nogueira and Thomas R. Ward*

Department of Chemistry, University of Basel, Spitalstrasse 51, CH-4056 Basel, Switzerland

Supporting Information

General Considerations 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline, glutathione, Maleimide, 2-
bromo-1-phenylethanone, Oxone, Phenylvinyl sulfone, diamide, 3-phenyl-2-propynenitrile, benzoquinone
and K;Fe™(CN)s were purchased from commercial suppliers and used as received. Streptavidin (Sav)
mutants were produced, purified and characterized as previously described [1]. The Sav used in this work
and on which all variants were based was T7-tagged core Sav described by Gallizia ef al. [2] and herein
we refer to it as wild-type Sav. The corresponding ATHase is also referred to as wild-type (WT). For a
detailed synthesis procedure of [Cp*Ir(Biot-p-L)Cl], see reference [3]. HPLC measurements were
performed on Agilent machines equipped with modules from the 1100 and 1200 series and diode array

detectors. HPLC columns were used with the appropriate guard columns.

Stock solutions and buffers MOPS/formate buffer; 3-(N-morpholino)propanesulfonic acid and sodium
formate were dissolved in milliQ water to the desired concentrations (see below) and the pH was adjusted

by addition of NaOH.
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Ir-complex: [Cp*Ir(biot-p-L)Cl)] was dissolved in DMF to a final concentration of 2 mM. This solution

was prepared freshly for each experiment.

Substrate: 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline (164.2 mg) was dissolved in water (2 ml) to

a final concentration of 400 mM.

Glutathione: Reduced glutathione was dissolved in milliQ water to the desired final concentration (see

below). This solution was prepared freshly for each experiment.

GSH neutralizing agents: Maleinimide, 2-bromo-1-phenylethanone, Phenylvinyl sulfone, diamide, 3-
phenyl-2-propynenitrile and benzoquinone were dissolved in DMF to a final concentration of 200 mM.
Oxone and KSFeHI(CN)G were dissolved in milliQ water to a final concentration of 200 mM.

These solutions were prepared freshly for each experiment.

Preparation of cell free extracts (cfe) and cell lysates £. coli cells (BL21(DE3)pLysS) containing either
a pET11b-T7Sav-plasmid including the gene for Sav-S112A or -S112K, respectively, were grown in LB
medium containing 34 pg/ml chloramphenicol and 100 pg/ml ampicillin (1 L culture) at 37 °C until an
ODygqo of 0.8-1 was reached. Expression was induced by adding IPTG (400 p M final concentration). The
cultures where shaken for 3.5 hours at 37 °C, and cells were harvested by centrifugation (3846 x g) for 10
minutes at 4 °C. To the pellet (between 2.5 and 3 g per liter) was added Tris-HCI buffer (20 mM, pH 7.4)
containing 1 mM PMSF (5-10 ml according to have a final concentration of 28.6 UM tetrameric Sav) as
well as DNAsel (Roche, small tip of spatula, some 1000 U) before shaking at room temperature for 1 h.
The resulting cell lysate was stored at -20 °C.

Cfe was prepared by centrifugation of the cell lysate for 10 minutes and lyophilizing the frozen
supernatant to obtain beige to brown powder which was stored at 4 °C. The content of Sav was

determined using a biotin-4-fluorescein titration assay (see below). [4]
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Biotin-4-fluorescein assay Cfe was dissolved in 100 mM phosphate buffer pH 7 (5 mg/ml) and
decreasing volumes of this solution (100 to 4 pl) were added to microtiter plate wells (Nunclon) each
containing 10 pl of a 40 pM biotin-4-fluorescein solution (prepared by dilution of a 0.6 M stock solution
in DMSO with phosphate buffer). The final volume of 120 pl was adjusted by addition of phosphate
bufter in each well before the fluorescence was detected in a plate reader (Tecan Saphire, A = 485 nm,
habs = 520 nm). The fluorescence was then plotted as a function of the amount of cfe solution added to
each well and the concentration of biotin binding sites was calculated from the volume at the equivalence
point (where the concentration of Sav free binding sites is equal to the biotin-4-fluorescein concentration,

see below). The content of Sav in cell lysates was determined from diluted (1:2-1:4) supernatants of

centrifuged samples as described above.

Figure SI1 Determination of Sav biotin biding capacity of cell free extraxts using biotin-4-fluorescein. Upon

incorporation within Sav isoforms, the fluorescence is quenched. Once all biotin-binding sites are saturated, the

excess biotin-4-fluorescein leads to fluorescence.
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Ellman's assay 2.5 ml of a reaction buffer containing 100 mM phosphate (pH 8) and 1 mM EDTA was
treated with 50 ul of a 5,5'-dithio-bis-(2-nitrobenzoic acid) solution (10 mM in reaction buffer) as well as

250 pl cfe solution (20 mg/ml in reaction butfer) and incubated for 30 min at RT before the absorbance at
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412 nm was measured. The thiol concentration was calculated using a molar extinction coefficient of

14150 M'em™. [5]

General set up for reactions using purified Sav mutants Lyophilized Sav was dissolved in
MOPS/formate buffer containing 0.2 M MOPS and 2 M sodium formate (pH 7) to a final concentration of
50 uM tetrameric Sav (the average number of free binding sites per Sav tetramer was determined with a
biotin-4-fluorescein assay [4]). 100 ul of this solution were added to a glass tube equipped with a
mechanical stirrer followed by addition of water (50 pl), glutathione stock solution (16.7 uM, 30 ul),
DMF (between 0 and 10 pl) and GSH neutralizing agent stock solution (between 0 and 10 pl
corresponding to the desired final concentration). This mixture was then stirred for 2 or 15 hours at room
temperature before the Ir-complex stock solution was added (5 pl). After 5 minutes, the reaction was
initiated by adding the substrate stock solution (5 pl), and the mixture was stirred for 48 hours at room
temperature (final volume: 200 pl; final concentrations: 50 M [Cp*Ir(biot-p-L)C1)], 25 uM Sav, 0.1M
MOPS, 1 M formate, 2.5 mM glutathione, between 1.25 and 10 mM glutathione neutralizing agent, 7.5 %
(v/v) DMF). The set up for reactions without Sav was identical, except that MOPS/formate buffer

containing no Sav was used.

General set up for reactions using cell free extracts Cfe was dissolved in MOPS formate buffer
containing 0.686 M MOPS and 3.429 M sodium formate (pH 7) to a concentration of 22.9 mg/ml
(corresponds to 28.6 uM tetrameric Sav). 175 ul of this slightly turbid solution was added to a glass tube
equipped with a mechanical stirrer followed by addition of water (5 pl), DMF (between 0 and 10 pul) and
GSH neutralizing agent stock solution (between 0 and 10 pl corresponding to the desired final
concentration). The mixture was then stirred for 15 hours and the reaction was started as described above
(final volume: 200 pl; final concentrations: 50 uM [Cp*Ir(biot-p-L)CID)], 25 uM Sav, 0.6 M MOPS, 3 M

formate, between 1.25 and 10 mM glutathione neutralizing agent, 7.5 % v/v DMF).
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General set up for reactions using lysed cells To cell lysates was added MOPS and sodium formate to a
concentration of 0.686 M and 3.429 M, respectively, and the mixture was stirred by means of a vortex
mixer until the MOPS and formate were completely dissolved. The pH was adjusted to 7 by addition of
NaOH, and reactions were performed with 175 pl of the resulting mixture as described for catalysis with
cfe (see above). Final volume: 200 pl; final concentrations: 50 uM [Cp*Ir(biot-p-L)CD)], 25 uM Sav, 0.6
M MOPS, 3 M formate, 17.5 mM Tris, 0.875 mM PMSF, between 0.1 and 10 mM glutathione

neutralizing agent, 7.5 % (v/v) DMF)

Work up and analysis To the reaction mixtures milliQ water (500 pl) was added followed by addition of
20% NaOH (50 pl). The mixture was then exfracted two times with dichloromethane (1 ml), the
combined organic fractions were collected in a PP tube containing anhydrous sodium sulfate, centrifuged
(18800 x g) for 5 minutes and the supernatant was analyzed by chiral HPLC using a Chiralpak IC column
(5 pm, 4.6 mm - 25 mm) and dichloromethane containing 1% isopropanol and 0.06% diethylamine as an
eluent; 1 mlmin; 25 °C, 280 nm, Tz 85 min ((S)- 6,7-dimethoxy-1-methyl-1,2,3,4-
tetrahydroisoquinoline), 9.8 min (6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline), 14.6 ((R)- 6,7-
dimethoxy-1-methyl-1,2,3 . 4-tetrahydroisoquinoline, referred to as salsolidine). Yields were calculated

under consideration of a response factor of 1.95.
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[Cp*Ir(biot-p-L)CI] (50 uM)
Sav-mutant (25 uM tetramer)
sodium formate (1 M)

/O\]_/-.‘_\\_N/\.\ MOPS buffer (0.1 M, pH 7) /O\_v/\\_i\l/«\T
| - |
~o N RT, 48 h o T'NH
10 mM
GSH [GSH. . .
Sav- [GSH] . neutralizing | incubation time | conv. | ee i .
av-mutant neutralizing abs. conf.
(mM) agent agent] (h) (%) (%)
(mM)
no 25 Malln 2.5 15 24 0 rac
no 25 Malln 5 15 20 0 rac
no 25 Malln 10 15 7 0 rac
S112A 25 Malln 25 15 12 80 R
S112A 2.5 Malln 5 15 2 75 (R)
S112A 2.5 Malln 10 15 2 59 (R)
S112K 2.5 Malln 2.5 15 5 46 (S
S112K 2.5 Malln 5 15 4 46 S
S112K 25 Malln 10 15 5 20 (S
no 0 Malln 2.5 15 100 0 rac
no 0 Malln 5 15 99 0 rac
no 0 Malln 10 15 85 0 rac
S112A 0 Malln 2.5 15 22 65 (R)
S112A 0 Malln 5 15 15 60 (R)
S112A 0 Malln 10 15 8 56 (R)
S112K 0 Malln 2.5 15 26 26 (&)
S112K 0 Malln 5 15 20 20 (&)
S112K 0 Malln 10 15 13 13 S
no 2.5 BroPheOne 2.5 15 92 0 rac
no 25 BroPheOne 5 15 77 0 rac
no 2.5 BroPheOne 10 15 49 0 rac
no 2.5 BroPheOne 2.5 2 94 0 rac
no 25 BroPheOne 5 2 95 0 rac
no 25 BroPheOne 10 2 88 0 rac
S112A 2.5 BroPheOne 2.5 15 71 84 (R)
S112A 2.5 BroPheOne 5 15 65 86 (R)
S112A 2.5 BroPheOne 10 15 58 87 (R)
S112A 2.5 BroPheOne 2.5 2 68 85 (R)
S112A 2.5 BroPheOne 5 2 68 86 (R)
S112A 2.5 BroPheOne 10 2 62 87 (R)
S112K 2.5 BroPheOne 2.5 15 40 63 (S
S112K 2.5 BroPheOne 5 15 34 59 (&)
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S112K 2.5 BroPheOne 10 15 29 51 S
S112K 2.5 BroPheOne 2.5 2 34 58 S
S112K 2.5 BroPheOne 5 2 24 54 S
S112K 25 BroPheOne 10 2 29 51 S
no 0 BroPheOne 2.5 15 96 0 rac
no 0 BroPheOne 5 15 74 0 rac
no 0 BroPheOne 10 15 54 0 rac
SI12A 0 BroPheOne 2.5 15 72 83 (R)
SI12A 0 BroPheOne 5 15 74 84 (R)
SI112A 0 BroPheOne 10 15 67 83 (R)
S112K 0 BroPheOne 25 15 45 58 (S
S112K 0 BroPheOne 5 15 45 53 S
S112K 0 BroPheOne 10 15 37 41 S
no 2.5 PheViSul 2.5 15 98 0 rac
no 2.5 PheViSul 5 15 99 0 rac
no 2.5 PheViSul 10 15 98 0 rac
no 2.5 PheViSul 2.5 2 79 0 rac
no 2.5 PheViSul 5 2 97 0 rac
no 2.5 PheViSul 10 2 86 0 rac
S112A 2.5 PheViSul 25 15 78 80 (R)
S112A 2.5 PheViSul 5 15 86 64 (R)
S112A 2.5 PheViSul 10 15 91 55 (R)
SI112A 2.5 PheViSul 2.5 2 71 79 (R)
SI112A 2.5 PheViSul 5 2 69 73 (R)
S112A 2.5 PheViSul 10 2 44 59 (R)
S112K 2.5 PheViSul 25 15 61 58 (S
S112K 2.5 PheViSul 5 15 88 21 (S
S112K 2.5 PheViSul 10 15 63 28 S
S112K 2.5 PheViSul 2.5 2 43 52 (S
S112K 2.5 PheViSul 5 2 63 38 ()
S112K 2.5 PheViSul 10 2 53 29 S
no 0 PheViSul 2.5 15 100 0 rac
no 0 PheViSul 5 15 99 0 rac
no 0 PheViSul 10 15 100 0 rac
ST112A 0 PheViSul 25 15 64 83 (R)
S112A 0 PheViSul 5 15 52 84 (R)
SI112A 0 PheViSul 10 15 10 83 (R)
S112K 0 PheViSul 2.5 15 65 58 (S
S112K 0 PheViSul 5 15 38 53 S
S112K 0 PheViSul 10 15 18 41 S
no 2.5 Ox 2.5 15 0 0 -
no 2.5 Ox 5 15 0 0 -
no 2.5 Ox 10 15 27 0 rac
S112A 2.5 Ox 25 15 0 0 -
S112A 2.5 Ox 5 15 0 0 -
S112A 2.5 Ox 10 15 55 80 R
S112K 2.5 Ox 2.5 15 0 0 -
S112K 2.5 Ox 5 15 0 0 -
S112K 2.5 Ox 10 15 22 43 (S
no 0 Ox 2.5 15 100 0 rac
no 0 Ox 5 15 100 0 rac
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no 0 Ox 10 15 99 0 rac
S112A 0 Ox 2.5 15 87 78 (R)
S112A 0 Ox 5 15 89 77 (R)
S112A 0 Ox 10 15 90 77 (R)
S112K 0 Ox 2.5 15 57 49 (S
S112K 0 Ox 5 15 57 44 )]
S112K 0 Oyf 10 15 53 40 (S
no 2.5 Fe™ 25 15 0 0 -
no 25 Fe'' 5 15 0 0 -
no 2.5 Fe* 10 15 0 0 -
S112A 2.5 Fe'' 25 15 0 0 -
S112A 2.5 Fe'" 5 15 0 0 -
S112A 2.5 Fe' 10 15 0 0 -
S112K 2.5 Fe¥* 25 15 0 0 -
S112K 2.5 Fe* 5 15 0 0 -
S112K 2.5 Fe' 10 15 0 0 -
no 0 Fe' 25 15 0 0 -
no 0 Fe' 5 15 0 0 -
no 0 Fe* 10 15 0 0 -
S112A 0 Fe¥* 2.5 15 0 0 -
S112A 0 Fe™ 5 15 0 0 -
S112A 0 Fe'" 10 15 0 0 -
S112K 0 Fe' 25 15 0 0 -
S112K 0 Fe'' 5 15 0 0 -
S112K 0 Fe* 10 15 0 0 -
1no 2.5 PhePropNit 2.5 15 0 0 -
no 2.5 PhePropNit 5 15 94 0 rac
no 25 PhePropNit 10 15 87 0 rac
S112A 2.5 PhePropNit 25 15 0 0 (R)
S112A 2.5 PhePropNit 5 15 57 82 (R)
S112A 2.5 PhePropNit 10 15 40 84 (R)
S112K 2.5 PhePropNit 2.5 15 0 0 -
S112K 2.5 PhePropNit 5 15 30 52 &)
S112K 2.5 PhePropNit 10 15 13 39 )]
no 0 PhePropNit 25 15 98 0 rac
no 0 PhePropNit 5 15 99 0 rac
no 0 PhePropNit 10 15 68 0 rac
S112A 0 PhePropNit 2.5 15 73 83 (R)
S112A 0 PhePropNit S 15 74 84 (R)
S112A 0 PhePropNit 10 15 33 86 (R)
S112K 0 PhePropNit 25 15 54 60 )
S112K 0 PhePropNit 5 15 46 57 &)
S112K 0 PhePropNit 10 15 23 50 &)
no 2.5 BQ 1.25 15 2 0 rac
no 2.5 BQ 25 15 2 0 rac
no 2.5 BQ 5 15 1 0 rac
no 2.5 BQ 10 15 2 0 rac
S112A 2.5 BQ 1.25 15 6 77 (R)
S112A 2.5 BQ 25 15 5 73 (R)
S112A 2.5 BQ 5 15 5 63 (R)
S112A 2.5 BQ 10 15 12 46 (R)
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S112K 2.5 BQ 1.25 15 6 51 S
S112K 2.5 BQ 2.5 15 5 48 )]
S112K 25 BQ 5 15 4 18 )]
S112K 2.5 BQ 10 15 11 10 )]

no 0 BQ 1.25 15 14 0 rac
1no 0 BQ 2.5 15 13 0 rac
no 0 BQ 5 15 14 0 rac
no 0 BQ 10 15 17 0 rac
S112A 0 BQ 1.25 15 16 55 (R)
S112A 0 BQ 2.5 15 20 46 (R)
S112A 0 BQ 5 15 20 32 (R)
S112A 0 BQ 10 15 39 21 (R)
S112K 0 BQ 1.25 15 17 14 )]
S112K 0 BQ 2.5 15 21 4 )]
S112K 0 BQ 5 15 30 2 )]
S112K 0 BQ 10 15 39 2 )]
no 2.5 DiAm 1.25 15 33 0 rac
no 2.5 DiAm 2.5 15 22 0 rac
no 25 DiAm 5 15 16 0 rac
no 25 DiAm 10 15 14 0 rac
no 2.5 DiAm 1.25 2 27 0 rac
1no 2.5 DiAm 2.5 2 12 0 rac
no 25 DiAm 5 2 8 0 rac
no 25 DiAm 10 2 7 0 rac
S112A 2.5 DiAm 1.25 15 64 84 (R)
S112A 2.5 DiAm 2.5 15 64 85 (R)
S112A 25 DiAm 5 15 63 84 (R)
S112A 25 DiAm 10 15 58 83 (R)
S112A 2.5 DiAm 1.25 2 65 82 (R)
S112A 2.5 DiAm 2.5 2 60 82 (R)
S112A 25 DiAm 5 2 53 82 (R)
S112A 25 DiAm 10 2 45 82 (R)
S112K 2.5 DiAm 1.25 15 24 55 )]
S112K 2.5 DiAm 2.5 15 18 53 &)
S112K 25 DiAm 5 15 13 50 )]
S112K 25 DiAm 10 15 9 47 S
S112K 2.5 DiAm 1.25 2 17 49 @)
S112K 2.5 DiAm 2.5 2 7 37 (S
S112K 25 DiAm 5 2 4 30 S
S112K 25 DiAm 10 2 3 19 )]
no 0 DiAm 10 15 100 0 rac
S112A 0 DiAm 10 15 71 82 (R)
S112K 0 DiAm 10 15 45 60 )]
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3.2.4 Appendix

When considering directed evolution of protein-derrived catalysts (i.e. enzymes or hybrid catalysts), a
suitable method has to be identified which allows to detect the catalytic activity of the desired
transformation for a large number of mutants. Two strategies are usally applied for this purpose: high-
throughput screening and selection (see section 3.1.1.1). In the case where catalysis is performed in living

cells, the latter methodology can be used to screen for catalytic activity.

Two reactions were devised which may be applied in a selection mechanism for the directed evolution of
ATHases and their feasibility was tested in context of initial experiments. Both approaches rely on the
reduction of 1,4-unsaturated carbonyl compounds. Several studies showed that transfer hydrogenation is an
effective catalytic method for this purpose.*® Additionally, prior studies within the Ward group revealed
that enones are suitable substrates for ATHases.>! However, as the corresponding transformations are not

enantioselective they serve only as a method to screen for ATHase activity.

3.2.4.1 ATHase-mediated Generation of Amino Acids from Enone Precursors

Two amino acid precursors were synthesized, namely 1 and 3 (see experimental part for a detailed synthetic
procedure). The 1,4-reduction of these compounds yields the corresponding saturated -keto acids 2a and
4a which may be prone to transamination by intracellular transaminases, thus affording leucine and valine
(Figure 3.3). In a quantitative reaction (25 mg), both compounds were subjected to transfer hydrogenation
using 1 mol% [(n>-Cp*)M(Biot-p-L)CI] (M = Rh, Ir) and 2 equivalents of sodium formate (100 mM) within
a period of 10 hours. The 'H-NMR-spectra of the isolated product mixtures revealed that transfer
hydrogenation of 1 yielded the unsaturated hydroxylic acid 2b (approximately 25% yield) whereas the
desired unsaturated product 2a resulting from 1,4-reduction was not detected. In contrast, reduction of 3
produced almost exclusively the desired -keto acid 4a in near quantitative yield. Thereby, the Rh-catalyst

seems to be slightly more selective with respect to 1,4-reduction as no alcohol formation could be observed
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whereas in case of the Ir-complex traces of the fully reduced compound 3¢ was detected. The lower
reactivity of 1 results possibly from the increased steric demand of this substrate.

Inital experiments with some Sav-mutants showed that compound 3 is also reduced by [(n’-Cp*)M(Biot-p-
L)CI1] when incorporated in the host protein at low formate concentrations. As judged from GC-traces, in
all cases the valine precursor 4a was found to be one of the main products. However, further conclusions
concerning the dependence of the Sav-mutant on the chemoselectivity of this reaction are hard to be drawn
as additional peaks in the GC-spectra corresponding to unidentified compounds were present and the used
analytical GC-method did not allow to quantify the (derivatized) reaction products. Further experiments
showed that the valine precursor 4a is indeed transaminated in presence of E. coli cell free extracts.

However, attempts to generate valine with the ATHase in presence of cell free extracts failed so far.

ATHase

S Ao Ao K
P w Y Y

intracellular
transaminase

NH; NH;
)\/':\H/OH WOH
o}

(0]
D-leucine D-valine

Fig. 3.3. ATHase mediated generation of amino acid precursors as a selection strategy.
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3.2.4.2 ATHase-mediated Degradation of an Antibiotic

Bacteria expressing a Sav-mutant that in combination with the artificial metal cofactor provides an efficient
hybrid catalyst for the degradation of an antibiotic would experience an advantage to survive in presence
of the drug. Based on this idea fluoroquinolines were tested as substrates of the ATHase. Members of this
antibiotic class inhibits two essential enzymes (DNA-gyrase and topoisomerase IV) associated with the
replication of the bacterial genome and is widely used to treat infections of various gram-negative bacteria
including E. coli.*? The structural core element of all fluoroquinolons exhibits an enone moiety prone to
1,4-reduction by reactive hydride species.** The resulting intermediate decarboxylates spontaneously to
yield an inactive form of the antibiotic as reflected by the much higher minimal inhibitory concentrations
(MIC) of this derivative, thus providing a potential selection mechanism.** As a color change to yellow
occurs uppon reduction, this system on the same time may afford a screening method for the ATHase
activity. However, initial results with purified protein showed modest activity of different ATHase-variants

based on [(n’-Cp*)M(biot-p-L)C1] (M = Rh, Ir) towards Enrofloxacin (see experimental part).

O O O O (0]
F F F
WOH ATHase WOH -CO, I:fjj
e B
(\ N N formate ﬁ N N K\ N N

AR A4 SR

active antibiotic

inactive antibiotic
(Enrofloxacin)

colorless yellow

Fig. 3.4. ATHase-mediated degradation of fluoroquinoline antibiotics as a potential selection mechanism.
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Further studies in collaboration with Seraina Bliimli (master thesis) revealed that catalysts obtained from
combination of the biotinylated metal precursor [1n°-Cp**°IrCl,], with different bidendate ligands as well
as the respective ATHase variants are more active towards the reduction of this particular substrate,
achieving up to 50 TON in case of the K121A-variant (see figure 3.5).% Additionally, a colorimetric assay

could be developped which allows to monitor the reaction in a parallel manner.

O
HNJ<

H NH
H H
. N
S
Mg \/X?%

Fig. 3.5. "Second generation" transfer hydrogenation catalyst displaying improved catalytic activity towards the
reduction of Enrofloxacin within Sav-mutants. The catalyst was prepared in situ from [1n’-Cp**°1rCl,], and 1-amino

cyclopentane carboxmide.*
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3.3 Conclusions and Outlook

The implementation of a directed evolution protocol for artificial metalloenzymes may further tune these
hybrid catalysts and therefore is highly desirable. However, this implies the performance of transition metal
catalysis in a cellular environment. Artificial transfer hydrogenases based on the biotin-(Strept)avidin
technology for the enantioselective reduction of imines served as a corresponding model system to adress
two major issues in this context. First, the incorporation of a homogenous metal catalyst within a host
protein effectively prevents mutual inhibition between the organometallic moiety and several natural
enzymes. Second, an effective reagent was identified to neutralize the dentrimetal effect of glutathione on

precious metal catalysts.

Further efforts include the realization of in vivo catalysis. For this purpose, the integrity of the cell has to
be ensured. Initial experiments indicate that the reaction conditions under which the ATHase operates for
the reduction of imines are not compatible with bacterial cells (in particular the high formate
concentrations). Cell lysis was observed within a short period of time when incubated with the
corresponding reaction buffer. Therefore, enones may be more suitable substrates as it was illustrated that
some of these compounds are reduced more effectively at much lower formate concentrations.
Alternatively, a formate-independent reaction could be applied. Ikariya showed that [(n®-arene)Ru(R,R-

TsDPEN)] complexes catalyse the enantioselective 1,4-addition of malonates to enones.*’

In addition, the uptake of the metal cofactor into the cell has to be ensured. Otherwise, an expression system
has to be developped where the Sav-mutants are displayed on the cell surface or are secreted into the growth

medium. However, respective systems are under investigation currently within the Ward-group.
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4.1 General Information

4.1.1 Reagents and Solvents

Commercial reagents were purchased at the highest degree of purity available and used without further
purification. For analytical high performance liquid chromatography (HPLC) solvents with a corresponding
HPLC-grade were used. Buffers were prepared with MiliQ-grade water obtained from a Barnstead ultrapure

water system.

4.1.2 Materials

For thin layer chromatography Merck silica gel 60 Fas4 plates were used. Flash chromatography was

performed with Merck silica gel 60 (particle size 40-63 mm).

4.1.3 Analytical Methods

4.1.3.1 Nuclear Magnetic Resonance (NMR)
'H and "’C spectra were recorded on Bruker Avance DRX-500 or DPX-400 MHz spectrometers. The

HMBC-experiment was performed on a DRX-600 spectrometer. All devices were equipped with direct
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(600 and 400 MHz) or inverse (500 MHz) dual channel, broadband probe-heads with z-gradients. The NMR
experiments were performed at 25°C (MeOH calibration). Chemical shifts (8) are reported in ppm with

respect tetramethylsilane (TMS). Coupling constants (/) are reported in Hertz (Hz).

4.1.3.2 Mass spectrometry (MS)
Mass spectra were recorded on an Esquire 3000 plus (Bruker) applying eletron spray ionisation (ESI). High
resolution mass spectrometry (HRMS) was performed at the University of Fribourg with a Bruker FTMS

4.7T BioAPEX II device.

4.1.3.3. Elementary Analysis
Elementary analysis was performed on an Analysator 240 from Perkin-Elmer or a vario MICRO cube from

Elementar.

4.1.3.4 High Performance Liquid Chromatography (HPLC)
HPLC measurements were performed on Agilent (or hp) machines equipped with modules from the 1100
and 1200 series and diode array detectors (UV-detection). HPLC columns were used with the appropriate

guard columns. Column and conditions are indicated for each compound separately.

4.1.3.5 Gas Chromatography (GC)
GC measurements were performed on Agilent GCs of the 6890 series equipped with FIDs. Column and

conditions are indicated for each compound separately.

4.1.3.6 Circular Dichroism (CD)
CD-spectra were obtained from a Chirascan spectrophotometer from Applied Photophysics Ltd (United

Kingdom).
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4.2 Synthesis

4.2.1 Synthesis of [(>-Cp*)M(biot-p-L)CI)] (M = Rh, Ir)

4.2.1.1 N-Boc-N -(4-Nitrophenylsulfonyl)-ethylenediamine

A solution of 4-Nitrophenylsulfonyl chloride (7.26 g, 32.8 mmol, 1.05 eq) in 250 ml CH»Cl, was added
dropwise to a solution of N-Boc-ethylamine (5 g, 31.2 mmol, 1 eq) and Et3N (8.7 ml, 62.4 mmol, 2 eq) in
CH,Cl, (800 ml) at 0 °C. The resulting yellow mixture was stirred over night at RT, was then concentrated
to 250 ml and washed three times with water (60 ml). The organic phase was dried over Na,SO4 and
evaporated under reduced pressure to obtain a yellowish solid. The crude product was recrystallised from
hot ethyl acetate yielding colorless needles (7.74 g, 72% yield).

'"H NMR (400 MHz, MeOH-Dy4): & 1.40 (s, 9H; tBu), 2.99 (m, 2H; ethylenediamine-CHy), 3.09 (m, 2H;
ethylenediamine-CH>), 8.07 (d, 2H, J=8.91 Hz; ArH), 8.41 (d, 2H, J=8.91 Hz; ArH)
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4.2.1.2 N-Boc-N -(4-Aminophenylsulfonyl)-ethylenediamine

An autoclave containing a suspension of Pd/C (5%, 1.1 g) in methanol (60 ml) was charged with N-Boc-
N’~(4-Nitrophenylsulfonyl)-ethylenediamine (7 g, 20.3 mol), purged 3 times with H, and then filled with
H, (15 bars). The mixture was stirred at RT overnight and filtered 3 times through a celite plug. The solvent
was removed under reduced pressure to obtain the product as a white powder which was used without

further purification (5.8 g, 96 % yield).

'H NMR (400 MHz, MeOH-D4): & 1.41 (s, 9H; tBu), 2.84 (m, 2H; ethylenediamine-CH,), 3.08 (m, 2H;

ethylenediamine-CH>), 6.68 (d, 2H, J = 8.7 Hz; ArH), 7.50 (m, 2H, J = 8.7 Hz; ArH).
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4.2.1.3 N-Boc-N -(4-Biotinamidophenylsulfonyl)-ethylenediamine

H H
N
T O S
I e
g H

77\

O

To a suspension of crude N-Boc-N’-(4-Aminophenylsulfonyl)-ethylenediamine (5 g, 15.8 mmol, 1 eq),
biotin (3.95 g, 16.2 mmol, 1.02 eq) and 2-chloro-4,6-dimethoxy-1,3,5-triazine (2.95 g, 15.9 mmol, 1.06 eq)
in acetonitrile (300 ml) was added N-methylmorpholine (2.62 ml, 23.8 mmol, 1.5 eq) and the mixture was
stirred for 24 h at RT and then heated to reflux for 3 h. After cooling to RT, water was added (90 ml) and
the resulting yellowish solution was concentrated under reduced pressure to afford a brownish solid which
was filtered and washed with CH>Cl,. The crude product was purified by flash chromatography using

EtOAc/MeOH 8:1 as an eluent.

"H NMR (400 MHz, DMSO-d6): & 1.25-1.70 (m, 15H; valeryl-CH,, tBu), 2.36 (m, 2H; valeryl-CH»-CO), 2.59 (d, 1H,
J = 12.46 Hz; thiophene-CH>), 2.72 (m, 2H; etylenediamine-CH>), 2.83 (dd, 1H, J = 5.09 Hz; thiophene-CH»), 2.94
(m, 2H; etylenediamine-CH>), 3.12 (m, 1H; thiophene-H), 4.15 (m, 1H; ureido-CH), 4.32 (m, 1H; ureido-CH), 6.37
(br s, 1H; ureido-NH), 6.45 (br s, 1H; ureido-NH), 6.76 (t, 1H, J = 5.23 Hz; ethylenediamine-NH), 7.51 (t, 1H, J =
5.75 Hz; ethylenediamine-NH), 7.71 (d, 2H, J = 8.77 Hz; ArH), 7.78 (d, 2H, J = 8.77 Hz; ArH), 10.27 (s, 1H; CO-
NH-Ar).
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4.2.1.4 N’-(4-Biotinamidophenylsulfonyl)-ethylenediamine TFA salt

To a suspension of N-Boc-N’-(4-Biotinamidophenylsulfonyl)-ethylenediamine (1 g, 1.85 mmol, 1 eq) in
dry CH,Cl, (90 ml) was added dropwise trifluoroacetic acid (2.1 ml, 27.8 mmol, 15 eq) at 0°C. The resulting
yellowish solution was stirred for 6 h at RT and was then evaporated to dryness to obtain a brownish oil.
The crude product was dissolved in MeOH and ether was added until a white precipitate formed which was
collected by filtration and dried under reduced pressure (710 mg, 70 % yield).

'"H NMR (400 MHz, DMSO-d6): § 1.3-1.75 (m, 6H; valeryl-CH,), 2.37 (m, 2H; valeryl-CH,-CO), 2.58 (d, 1H, J =
12.51 Hz; thiophene-CH>), 2.8-2.95 (m, 5H; etylenediamine-CHb; thiophene-CH>), 3.13 (m, 1H; thiophene-H), 4.15

(m, 1H; ureido-CH), 4.31 (m, 1H; ureido-CH), 6.38 (br s, 1H; ureido-NH), 6.45 (br s, 1H; ureido-NH), 7.7-7.9 (m,
8H; ArH, ethylenediamine-SO,-NH, ethylenediamine-NHs"), 10.34 (s, 1H; CO-NH-Ar) .

ESI-MS (pos. mode): m/z 442.2 ([M™]).
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4.2.1.5 [(r-Cp*)Ir(biot-p-L)CI]

H NH
H H
N\©\ I|
Cl—/"~NH,
N
° s N

7\

To a mixture of N’-(4-Biotinamidophenylsulfonyl)-ethylenediamine TFA salt (200 mg, 0.36 mmol, 1 eq)
and [(n*>-Cp*)IrCL]» (136.4 mg, 0.171 mmol, 0.475 eq) in CH>Cl, (30 ml) was added Et;N (251 ul, 1.8
mmol, 5 eq) whereupon a color change from orange to dark brown and finally to yellow was observed.
After stirring for 24 h at room temperature, the resulting yellow precipitate was filtered off, washed with
CH)Cl, (3 x 5 ml) and water (3 x 4 ml) and dried in vacuo to obtain the pure product as a bright yellow

solid (211 mg, 73% yield).

'H NMR (500 MHz, DMSO-d6): § 1.25-1.75 (m, 21H; valeryl-CH,, Cp*), 2.25-2.45 (m, 6H; valeryl-CH,-CO,
ethylenediamine-CH») , 2.57 (d, 1H, J = 12.51 Hz; thiophene-CH>), 2.82 (dd, 1H, J = 5.15 Hz), 3.12 (m, 1H;
thiophene-H), 4.14 (m, 1H; ureido-CH), 4.31 (m, 1H; ureido-CH), 5.21 (br s, 2H; ethylenediamine-NH>), 6.37 (br s,
1H; ureido-NH), 6.44 (br s, 1H; ureido-NH), 7.59 (d, 2H, J= 8.64 Hz; ArH), 7.7 (d, 2H, J = 8.64 Hz; ArH), 10.05(br
s, 1H; CO-NH-Ar).

3C NMR (400 MHz, DMSO-d6): & 8.88, 25.17, 28.05, 36.45, 55.35, 59.16, 61.00, 117.79, 128.27, 162.69 (due to the

limited solubility of the compound in DMSO the intensity of some signals is to small to be detected).
ESI-MS (pos. mode): m/z 768.22 ([M-CI]"), 384.18 ([M-C1]*"), 256.14 ([M-CI]*")

Anal. Calcd for C,sHaCIlIrNsO4S,: C, 41.86 %; H, 5.14 %; N, 8.72 %; found: C, 41.63 %; H, 5.15 %; N, 8.54 %.
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4.2.1.5 [(n>-Cp*)Rh(biot-p-L)CI]

[(m>-Cp*)Rh(biot-p-L)Cl] was synthesized applying the same procedure as for [(n’-Cp*)Ir(biot-p-L)CI] (see
above) using [(n’-Cp*)RhCl,]> (53.5 mg, 0.0865 mmol, 0.48 eq), N’-(4-Biotinamidophenylsulfonyl)-
ethylenediamine TFA salt (100 mg, 0.18 mmol, 1 eq) and NEt; (125 ul, 0.9 mmol, 5 eq) to obtain the
complex as an orange solid (76 mg, 58 % yield).

'H NMR (500 MHz, DMSO-d6): § 1.25-1.75 (m, 21H; valeryl-CH,, Cp*), 2.2-2.45 (m, 6H; valeryl-CH,-CO,
ethylenediamine-CH,) , 2.57 (d, 1H, J = 12.02 Hz; thiophene-CH,), 2.82 (dd, 1H, J = 5.07 Hz), 3.12 (m, 1H;

thiophene-H), 4.13 (m, 1H; ureido-CH), 4.30 (m, 1H; ureido-CH), 6.36 (br s, 1H; ureido-NH), 6.44 (br s, 1H; ureido-
NH), 7.53 (d, 2H, J = 8.07 Hz; ArH), 7.72 (d, 2H, J = 8.63 Hz; ArH), 10.0 (br s, 1H; CO-NH-Ar).

B3C NMR (400 MHz, DMSO-d6): & 8.92, 55.36, 59.18, 61.03, 93.23, 117.67, 128.36, 162.75 (due to the limited

solubility of the compound in DMSO the intensity of some signals is to small to be detected).
ESI-MS (pos. mode): m/z 678.27 ([M-CI]")

Anal. Calcd for C,sH41CIRhNsO4S,: C, 47.77 %; H, 6.08 %; N, 9.60 %; found: C, 47.93 %; H, 6.21 %; N, 9.87 %.
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4.2.2 Synthesis of Amino Acid Precursors

4.2.2.1 Ethyl 4-methyl-2-oxopent-3-enoate'

o
Moa
o

A solution of dietyloxalate (3 g, 20.5 mmol, 1 eq), dry diethyl ether (20 ml) and dry THF (20 ml) was placed
in a three necked flask equipped with a mechnical stirrer, a thermometer, a droping funnel and an inlet tube
for N, supply. The mixture was cooled to -78 °C and 2-methyl-1-propenyl magnesium bromide (50 ml of
a 0.5 M solution, 24.5 mmol, 1.2 eq) in THF was added via the dropping funnel within a period of 30
minutes. After stirring for one hour the reaction was quenched with 2 N H,SO4 (30 ml) and the mixture was
extracted with diethyl ether (3 x 50 ml). The combined organic fractions were washed with brine (75 ml),
dried over Na,SOs and filtered. The solvent was evaporated under reduced pressure to afford a yellowish
oil which was purified by flash chromatography using cyclohexanes/dichloromethane 1:1 as an eluent. The
product still contained some diethyloxalate.

'H NMR (400 MHz, CDCls): 8 1.37 (t, 3H, J = 7.3 Hz), 2.03 (d, 3H, J = 1.4 Hz) , 2.24 (d, 3H, J = 0.67 Hz), 4.31 (q,
2H,J=17.3 Hz), 6.76 (m, 1H).

I3C NMR (400 MHz, CDCls): 6 13.97, 21.73, 28.37, 62.11, 119.18, 164.35, 173.15, 197.20.
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4.2.2.2 4-methyl-2-oxopent-3-enoic acid*

(0]
/K)H(OH
(0]
Ethyl 4-methyl-2-oxopent-3-enoate (2 g, 12.8 mmol) was dissloved in ethanol (15 ml) and the solution was
added to aq. NaOH (0.1 M, 135 ml) in a round-bottomed flask equipped with a mechanical stirrer. After
stirring for 12 hours, the reaction mixture was acidified with 1 M HCI and extracted with diethyl ether (4 x
150 ml). The combined organic fractions were dried over Na,SO4and filtered. The solvent was evaporated

to yield the crude product as a colorless oil which was purified by flash chromatography using

EtOAc/AcOH 98:2 as an eluent (0.68 g, 42% yield).
'H NMR (400 MHz, CDCls): & 2.11 (d, 3H, J = 1.23 Hz), 2.32 (d, 3H, J = 1.06 Hz), 7.05 (m, 1H).

3C NMR (400 MHz, CDCls): § 22.51, 29.07, 116.52, 161.02, 170.15, 181.82.
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4.2.2.3 Ethyl 3-methyl-2-oxobut-3-enoate'

(0]
Mo/\

o)

A solution of diethyloxalate (3.65 g, 25 mmol, leq), dry diethyl ether (25 ml) and dry THF (25 ml) was
placed in a three necked flask equipped with a mechnical stirrer, a thermometer, a droping funnel and an
inlet tube for N, supply. The mixture was cooled to -78 °C and isoprenyl magnesium bromide (60 ml of a
0.5 M solution, 30 mmol, 1.2 eq) in THF was added via the dropping funnel within a period of 30 minutes.
The progress of the reaction was monitored by GC. If some diethyloxalate remained in the reaction mixture,
2 mmol of the Grignard-reagent was added. After completion of the reaction, 2 N H,SO4 (30 ml) was added
before the mixture was extracted with diethyl ether (3 x 60 ml). The combined organic fractions were
washed with brine (80 ml), dried over Na>SO4 and filtered. The organic solvent was evaporated under
reduced pressure to afford a yellowish oil (3.07 g, 86% yield).

'H NMR (400 MHz, CDCls): & 1.31 (t, 3H, J= 7.0 Hz), 1.87 (m, 3H), 4.23 (q, 2H , J 7.0 Hz), 6.03 (m, 1H), 6.12 (m,
1H).

13C NMR (400 MHz, CDCl): 13.96, 15.82, 61.91, 132.35, 140.43, 164.01, 188.73.
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4.2.2.4 3-methyl-2-oxobut-3-enoate sodium salt®

@)
)ﬁ% ONa
o
Ethyl 3-methyl-2-oxobut-3-enoate (0.43 g, 3 mmol, 1 eq), water (24 ml) and ethanol (2.5 ml) were placed
in a round-bottomed flask equipped with a mechanical stirrer. 1 M aqueous NaOH (2.7 ml, 2.7 mmol, 0.9
eq) was added and the mixture was stirred over night. The resulting clear solution was then extracted with

dichloromethane (12 ml) and diethyl ether (12 ml) and concentrated under reduced pressure. The resulting

solid was washed with acetone and dried in vacuo to obtain the product as a white solid (0.25 g, 63% yield).

'H NMR (400 MHz, CDCLs): § 1.88 (m, 3H), 6.09 (m, 1H), 6.27 (m, 1H).

13C NMR (400 MHz, CDCl5): 14.83, 133.22, 140.18, 173.51, 199.53.
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4.2.3 Synthesis of Reference Compound

4.2.3.1 1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-fluoro-2, 3-dihydroquinolin-4(1 H)-one (reduced

Enrofloxacin)*

Enrofloxacin (0.5 g, 1.4 mmol, leq) and dry methanol (20 ml) were placed in a round-bottomed flask
equipped with a mechanical stirrer. To the suspension was added NaBH4 (0.21 g, 5.6 mmol, 4 eq) in portions
whereupon the reaction mixture immediately turned into a yellow solution. After stirring for 10 minutes, a
catalytic amount of p-toluenesulfonic acid (small tip of a spatula) was added and the solution was heated
to 65 °C for 45 minutes. The solvent was evaporated under reduced pressure and the resulting residue was
dissolved in chloroform. The solution was washed with water, dried over Na>SQs, filtered and evaporated
under reduced pressure to obtain the product as yellow prisms which were not further purified (0.345 g,
78% yield).

'H NMR (400 MHz, CDCls): & 0.72 (m, 2H), 0.9 (m, 2H), 1.13 (t, 3H, J= 7.2 Hz), 2.32 (m, 1H), 2.49 (q, 2H, J =

7.3 Hz), 2.56-2.65 (m, 6H), 3.27 (t, 4H, J = 4.8 Hz), 3.48, (t, 2H, J = 6.6 Hz), 6.73 (d, 1H, J= 7.6 Hz), 7.52 (d, 1H, J
=13.5 Hz).
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4.3 HABA and CD-Titrations

4.3.1 HABA-titration

Sav-mutants were dissolved in phosphate buffer (20 mM, pH 7) to a tetrameric concentration of 8 uM. The
solution was added to a quartz cuvette (2.4 ml) and treated with 0.3 ml of a 2-(4-hydroxyphenylazo)benzoic
acid solution (HABA, 9.6 mM in phosphate buffer pH 7). To this mixture was added stepwise 5 puL of either
a biotin solution (0.96 mM in phosphate buffer) or 1.7 ul of a [(n>-Cp*)Ir(biot-p-L)CI] solution (2.9 mM in
DMF), corresponding to 0.25 equivalents vs. Sav tetramer. The solution was mixed at each step by means

of pipetting up and down. After 5 minutes, the absorbance at 506 nm was measured.

12 §
¢+ 9 Beo 1.2 * 2
1 __l.&q_._._,_m, N ] Ao
" 1 ‘ MR IR YEN —
E . & *DMF § ) 4 *DMF
A
o 0.8 Bn WY © B A
2 LN S 08 A
o L] ; N mbiotin o m 4 u bioti
ré 0.6 o n | g m A iotin
< = ‘ ‘ ‘ = & S 0.6 .—;—A—A—A—-
£ 4 [Cp*Ii(biot-p-L)CI] £ EmER
2 04 173 A [Cp*Ir(biot-p-L)CI]
) < 0.4
0.2 0.2
0 —— T 0 T T T T T T T
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4
equivalents [Ir] vs. Sav-tetramer equivalents [Ir] vs. Sav-tetramer

Fig. 4.1. Titration of HABA-saturated Sav-S112A (right) and S112K (left) with biotin (red trace) and [(n>-Cp*)Ir(biot-
p-L)CI] (green trace). HABA (K, = 10% is displaced from Sav by a biotinylated probe whereupon the absorption
maximum Ama of the dye is shifted from 506 to 350 nm.’ The equivalence point is slightly below 4 due to residual
biotin or impurities in the protein preparation. As can be appreciated, DMF used as a co-solvent only displaces HABA

marginally.
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4.3.2 CD-titration of [(n’-Cp*)Ir(biot-p-L)C1] towards Sav-S112A and Sav-S112K

Streptavidin mutants were dissolved in MOPS-buffer (0.6 M, pH 7) to a tetrameric concentration of 25 uM
and the resulting solution (2.5 ml) was added to a quartz cuvette (path length: 1 cm). [(n°>-Cp*)Ir(biot-p-
L)CI] was dissolved in DMF to a final concentration of 37.5 mM and 2 pl of this solution (corresponds to
0.5 equivalents [Ir] vs. Sav-tetramer) was added stepwise to the Sav-solution. The solution was mixed at
each step by means of pipetting up and down. After 5 minutes, the CD-spectrum was measured in duplicate

at 25 °C (scan range: 220-500 nm, step resolution: 1 nm, measuring time/wavelength: 1 s).
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Fig. 4.2. CD-spectra resulting from stepwise addition of [(n>-Cp*)Ir(biot-p-L)CI] to Sav-S112A (top). A signal arises
in the near UV region which is absent in the protein (bold line). The CD-signal at selected wavelenghts as a function
of the [Ir]/Sav ratio (bottom) indicates the acommodation of the metal complex in each biotin binding site of the Sav-

tetramer.



Fig. 4.3. CD-spectra resulting from stepwise addition of [(n>-Cp*)Ir(biot-p-L)CI] to Sav-S112K (top). A signal arises
in the near UV region which is absent in the protein (bold line). The CD-signal at selected wavelenghts as a function

of the [Ir]/Sav ratio (bottom) indicates the acommodation of the metal complex in each biotin binding site of the Sav-

tetramer.
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4.3 NMR experiments to Elucidate the Behavior of 6,7-dimethoxy-1-methyl-3,4-

dihydroisoquinoline in Aqueous Solution

All NMR experiments were performed at 25 °C on a Bruker Avance III NMR spectrometer operating at
600.13 MHz, equipped with BBFO smart probe with z-axis pulsed field gradients. Chemical shifts were
referenced to residual solvent peaks.

The 1D 'H and '*C spectra were recorded applying water suppression using excitation sculpting with
gradients. The HMBC spectra were recorded using a standard pulse sequence with presaturation pulses for

water suppression.

4.3.1 HMBC experiment to confirm the ring-closed structure

The NMR samples contained 80 mM 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline, 160 mM phosphate
and 5% D-»0. The pH was adjusted by addition of either an aqueous NaOH or a HCI solution (0.25 M).

Measurements were performed at pH 2.5 and 11.5.
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Fig. 4.3. Two dimensional HMBC spectra of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline in water at pH 2.5

(top) and 11.5 (bottom). The highlighted cross peaks correspond to a 3J coupling between carbon C1 and hydrogen

H2, indicating that the compound is present as an imine in both cases. The >J coupling in the open ketone form would

result in a much less intensive or absent signal. The chemical shift of C1 further suggests the presence of an imine

rather than a ketone.
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4.3.2 'H and C NMR measurements to determine the pK, value

The pKa of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline was determined by measuring the 'H and *C
spectra at different pH values in water.

The NMR samples contained 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline (80 mM), sodium chloride
(150 mM), 3-(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic acid (2 mM) as an internal standard and 5%
D,O. For each measurement at a particular pH value a new sample was prepared. The pH was adjusted by
addition of either an aqueous NaOH or a HCI solution (0.25 M).

The chemical shifts of selected 'H and '*C nuclei were ploted as a function of the pH and the resulting data

points were fitted according to the following equation®:

5BH~_ 6(\b=
BBH*- 5B

pH=pK - log@

BBH*- 5obs

where Ogg+ is the chemical shift of the completely protonated form (in the sample at the lowest pH value),
OpH is the chemical shift of the completely deprotonated form (in the sample of the highest pH value) and

Oobs 18 the observed chemical shift (see table 4.1).
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pH chemical shift 8 (ppm)
H2 H10 Cl (€ C8

3.02 3.86 2.76 178.4 158.5 114.9
5.13 3.86 2.76 178.4 158.5 114.9
7.09 3.85 2.75 178.2 158.4 114.8
7.72 3.83 2.72 177.6 158 114.6
8.18 3.77 2.65 176.5 157.4 114.2
8.46 3.72 2.58 175.5 156.8 113.5

8.7 3.66 2.51 174.4 156.2 113.1
8.91 3.6 245 173.3 155.6 112.8
9.13 3.55 2.38 172.2 155 112.4
9.4 3.49 231 171 154.3 112.1
9.78 3.43 224 170 153.7 111.7
10.74 3.38 2.18 169 153.2 111.7
10.87 3.38 2.18 169 153.1 111.7
11.35 3.37 2.17 168.9 153.1 111.7
11.64 3.37 2.17 168.9 153.1 111.7

Table 4.1. Chemical shifts of selected 'H and '3C nuclei of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline at

different pH values. The values are referenced with respect to 3-(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic acid.

12 12
10 , 10f
8 B s| \
pH pH
8 . [
4 , 4
2
2 25 3 35 4 45 5 110 120 130 140 150 160 170 180
Sobs Bobs

Fig. 4.4. Chemical shifts of selected 'H (left) and '3C (right) nuclei as a function of the pH. The data points were fitted
as described (solid lines). The corresponding pK, values are: (¢) H10: 8.99, (¢) H2: 8.91; (¢) C8: 8.61, () C6: 8.83, (*)
Cl: 8.82.
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4.4 Catalysis

4.4.1 Control Experiments

Sav-S112A (125 mM tetramer)
[Ir] (250 mM)
formate (3M)
MOPS (0.6 M pH 7)

0 RT,3h 0
R |
50 mM \©\CI/'"\NH2
S/N\)

7\

R = NHBiotin: [Cp*Ir(biot-p-L)CI]
R = Me: [Cp*Ir(EN)CI]

Buffers were prepared by dissolving MOPS (3-morpholinopropane-1-sulfonic acid) and sodium formate in
water to a final concentration of 0.69 and 3.43 M, respectively. The pH was adjusted to 7 using NaOH.
[(M>-Cp™)Ir(biot-p-L)CI] and [(n>-Cp*)Ir(TsEN)CI] were dissolved in DMF to a final concentration of 10
mM. The biotinylated ligand (N’-(4-Biotinamidophenylsulfonyl)-ethylenediamine TFA salt) and biotin
were dissolved in miliQ water to a final concentration of 10 mM. The substrate (6,7-dimethoxy-1-methyl-
3,4-dihydroisoquinoline) was dissolved in miliQ water to a final concentration of 1 M.

Streptavidin S112A (if present in the reaction) was dissolved in the MOPS/formate buffer to a final
concentration of 571 uM biotin binding sites. According to the experiment (see below), to 175 ul of this
solution was added either the [(n’-Cp*)Ir(biot-p-L)CI] or the [(n’-Cp*)Ir(TSEN)CI] stock solution (5 ul),
the ligand stock solution (5 pl) and/or the biotin stock solution (10 pl). If required, the final volume was
adjusted by addition of water. The mixtures were stirred for 5 minutes before the reactions were initiated

by addition of the substrate stock solution (10 pl) and stirred.



Chapter 4: Experimental Part =~ 175

Final volume: 200 ul, final concentrations: 0.6 M MOPS, 3 M formate, 500 uM Sav biotin binding sites (if
present), 250 uM [(n>-Cp*)Ir(biot-p-L)CI] or [(n’>-Cp*)Ir(TsEN)CI], 250 uM biotinylated ligand (if
present), 500 uM biotin (if present), 50 mM substrate.
Work up and analysis:
To the reaction mixtures water (500 pl) was added followed by 20% NaOH (50 pl). The mixture was then
extracted two times with dichloromethane (1 ml), the combined organic fractions were collected in a PP
tube containing anhydrous sodium sulfate, centrifuged (18800 x g) for 5 minutes and the supernatant was
analyzed by chiral HPLC using a Chiralpak IC column (5 um, 4.6 mm - 25 mm) and dichloromethane
containing 1 % isopropanol and 0.06 % diethylamine as an eluent; 1 ml/min; 25 °C, 280 nm, Tr 8.5 min
((S)-6,7-dimethoxy-1-methyl-1,2,3 4-tetrahydroisoquinoline), 9.8 min (6,7-dimethoxy-1-methyl-3,4-
dihydroisoquinoline), 14.6 ((R)-6,7-dimethoxy-1-methyl-1,2,3,4-tetrahydroisoquinoline, referred to as
salsolidine). Yields were calculated under consideration of a response factor of 1.95.

. biotinylated -y .

ID  Sav-S112A  [( n’-Cp*Ir)(biot-p-L)Cl]  [(1W’-Cp*)Ir(TSEN)CI] 1Olilgayrfi ) biotin C(‘;X (‘j/‘:)
1 yes yes no no no 75 91 (R)
2 no yes no no no 95 rac
3 yes no no no no 0 -

4 yes no yes no no 4 rac
5 no no yes no no 98 rac
6 yes no no yes no 0 -

7 yes yes no no yes 35 14 (R)

Table 4.2. Controll experiments elucidating that the biotinylated Ir-complex is incorporated within Sav during

catalysis and that the host protein induces the enantioselectivity (TSEN = tosylate ethylenediamine).
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4.4.2 pH-dependence of [(n’-Cp*)Ir(biot-p-L)CI]

Buffers were prepared by dissolving MOPS and sodium formate in MiliQ water to a final concentration of
0.65 and 3.24 M, respectively. The pH was adjusted using conc. HxSO4 or NaOH. [(n’-Cp*)Ir(biot-p-L)Cl]
was dissolved in DMF to a final concentration of 5 mM. 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline
was dissolved in miliQ water to a final concentration of 1 M.

Streptavidin mutants (if present in the reaction) were dissolved in the appropriate MOPS/formate buffer to
a final concentration of 270 uM biotin binding sites. To 185 ul of this solution was added [(n’-Cp*)Ir(biot-
p-L)CI] stock solution (5 pul) and the mixtures were stirred for 5 minutes. The reactions were initiated by
addition of the substrate stock solution (10 pl).

Final volume: 200 ul, final concentrations: 0.6 M MOPS, 3 M formate, 250 uM Sav biotin binding sites,
125 uM [(m*>-Cp*)Ir(biot-p-L)CI], 50 mM substrate.

The work up of the reactions was performed as described in section 4.4.1.

100 90 y (g-‘\ 80 \
/ \ 80
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Fig. 4.5. pH profiles of [(n’-Cp*)Ir(biot-p-L)CI] in the transfer hydrogenation of 6,7-dimethoxy-1-methyl-3,4-
dihydroisoquinoline. Red data points: conversion, blue data points: enantiomeric excess. Left: free complex after 3
hours, middle: [(n’-Cp*)Ir(biot-p-L)Cl]cSav-S112A after 3 hours, right: [(n3-Cp*)Ir(biot-p-L)Cl]cSav-S112K after

6 hours.
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4.4.3 Transfer Hydrogenation of Amino Acid Precursors

4.4.3.1 4-methyl-2-oxopent-3-enoic acid (quantitative reaction)

[Cp*Ir(biot-p-L)CI] (1 mol%)
MOPS (0.2 M, pH7)

0 OPS (0.2 M. p 0 OH OH
M(OH ormate 01 M) MOH . /K/H(OH . MOH

1 O RT, 12 hours 22 O 2b O 2¢ O

4-methyl-2-oxopent-3-enoic acid 1 (25 mg, 0.195 mmol) was dissolved in 4 ml of the reaction buffer
containing MOPS (0.2 M, pH 7) and sodium formate (0.1 M) and the solution was added to a round
bottomed flask equipped with a mechanical stirrer. The reaction was initiated by addition of 50 ul of a [(1’>-
Cp*)Ir(biot-p-L)CI] stock solution (40 mM in DMF). After stirring over night, the reaction mixture was
acidified with 1 N H,SO4 and extracted with dichloromethane (4 x 15 ml). The combined organic extracts
were dried over Na,SOs, filtered and the solvent was evaporated under reduced pressure to obtain colorless
oil (21.7 mg).

'"H NMR (400 MHz, CDCls): § 1.78 (d, 1.5 H, J= 1.3 Hz), 1.8 (d, 1.5 H, J= 1.1 Hz), 2.1 (d, 3H, J= 1.1 Hz), 1.31
(d,3H, J= 1.1 Hz), 4.9 (d, 0.5 H, J= 8.9 Hz), 5.19-5.24 (m, 0.5 H).

EEEREEERBRLEL a3 33[38R% |E0000
2 LLL 2T YoV S
65000
starting
material (1)/ 60000
DMF | 55000
50000
45000
-40000
-35000
CHCl,
3 -30000
25000
2b
starting [
material (1
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2b 2b
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Fig. 4.6. 'H spectra of the crude reaction mixture resulting from the transfer hydrogenation of 4-methyl-2-oxopent-3-

enoic acid with [(n>-Cp*)Ir(biot-p-L)Cl]. The signals from the product 2b are assigned according to ref. 7.
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4.4.3.2 3-methyl-2-oxobut-3-enoate (quantitative reaction)

[Cp*M(biot-p-L)CI] (1 mol%)

o) MOPS (0.2 M, pH7) o] OH OH
Wo_ formate (0.1 M) Wo- . \‘)Yo- . Wo_
o RT, 12 hours o o o
3 4a 4b 4c

The reaction was performed as described in section 4.4.3.1 with 3-methyl-2-oxobut-3-enoate sodium salt 3

(25 mg, 0.184 mmol) using either 1 mol% [(n>-Cp*)Ir(biot-p-L)CI] or [(n’-Cp*)Rh(biot-p-L)CI].

Reaction with [(n3-Cp*)Ir(biot-p-L)CI]:
The corresponding acid of 4a was obtained as a colorless oil (17.7 mg).

'H NMR (400 MHz, CDCl3): & 1.15 (s, 3 H), 1.17 (s, 3 H), 3.31 (m, 1H).
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Fig. 4.7. 'H spectrum of the crude reaction mixture from the transfer hydrogenation of 3-methyl-2-oxobut-3-enoate

with [(n3-Cp*)Ir(biot-p-L)CI]. The small peaks at 4.05 and 0.89 ppm are assigned to product 4c.
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Reaction with [(n’-Cp*)Rh(biot-p-L)CI]:
The corresponding acid of 4a was obtained as a colorless oil (19.1 mg).

'H NMR (400 MHz, CDCly): 5 1.16 (s, 3 H), 1.18 (s, 3 H), 3.33 (m, 1H).
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Fig. 4.8. 'H spectrum of the crude reaction mixture from the transfer hydrogenation of 3-methyl-2-oxobut-3-enoate

with [(n’-Cp*)Rh(biot-p-L)CI].



180

Chapter 4: Experimental Part

4.4.4 Transfer Hydrogenation of Enrofloxacin

[Cp*M(biot-p-L)CI] (1-5 mol%)
O O Sav-mutant (25 uM tetramer)

O
F formate (0.4 M) E
| OH MOPS (0.2 M pH 6)

37°C, 24 hours

N A N

The reaction buffer was prepared by dissolving MOPS and sodium formate in water to a final concentration
of 0.4 and 0.8 M, respectively. The pH was adjusted with NaOH. [(n’-Cp*)M(biot-p-L)CI] (M = Rh, Ir)
was dissolved in DMF to a final concentration of 4 mM. Enrofloxacin was dissolved in 12.5 M H,SO4 to a
final concentration of 10 mM. Sav-mutants (if present in the reaction) were dissolved in the reaction buffer
to a final concentration of 200 pM biotin binding sites. 100 pl of this solution was transferred to a PP-tube
and an appropriate volume of the metal complex stock solution was added. The reaction was initiated by
addition of 100 ml of the substrate stock solution and the mixtures were shaken at 37°C for 24 hours in an
incubator (final concentrations: 0.2 M MOPS, 0.4 M formate, 100 uM Sav biotin binding sites, 50-250 uM

[(M>-Cp*)M(biot-p-L)C1], 5 mM Enrofloxacin).

Work up and analysis:

The reactions were quenched by addition of 50 ul of a glutathione solution (250 mM). 50 ul of an
acetophenone solution (35 mM in water) was added as an internal standard followed by 300 ul water. 200
pl of this solution was further diluted with 800 pl water and analysed by RP-HPLC using an Eclipse XDB-
C18 column (4.6 x 150 mm, particle size: 5 um); solvent A: water containing 0.1% TFA, solvent B:
acetonitrile; 5% B at 0 min, 30% B at 20 min, 80% B at 22 min, 80% B at 25 min, 5 % B at 5 min, 5% B

at 5 min; 1 ml/min; 40°C, 254 nm; 14.9 min Enrofloxacin, 16.5 min standard, 17.7 min product.
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Conversions were determined under consideration of a correlation curve obtained from plotting the ratio of

the peak areas of the product and the standard as a function of the concentration the product (correlation

factor: 0.1505, R? = 0.9997).

entry SAV-mutant metal complex (m) C?(%'
1 no Ir 0.05 5
2 no Ir 0.1 7
3 no Ir 0.25 9
4 no Rh 0.05 5
5 no Rh 0.1 10
6 no Rh 0.25 19
7 WT Ir 0.1 6
8 S112A Ir 0.1 9
9 S112K Ir 0.1 2
10 KI121A Ir 0.1 10
11 S112A-K121G Ir 0.1 9
12 WT Rh 0.1 1
13 S112A Rh 0.1 5
14 S112K Rh 0.1 2
15 KI121A Rh 0.1 4
16 S112A-K121G Rh 0.1 4

Table 4.3. Initial results obtained in the transfer hydrogenation of Enrofloxacin using [(n*-Cp*)M(biot-p-L)CI] (M =

Rh, Ir) and respective ATHases.
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